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Abstract: We implement the SU(5)/SO(5) littlest Higgs theory in a slice of 5D Anti-de
Sitter space bounded by a UV brane and an IR brane. In this model, there is a bulk SU(5)
gauge symmetry that is broken to SO(5) on the IR brane, and the Higgs boson is contained in
the Goldstones from this breaking. All of the interactions on the IR brane preserve the global
symmetries that protect the Higgs mass, but a radiative potential is generated through loops
that stretch to the UV brane where there are explicit SU(5) violating boundary conditions.
Like the original littlest Higgs, this model exhibits collective breaking in that two interactions
must be turned on in order to generate a Higgs potential. In AdS space, however, collective
breaking does not appear in coupling constants directly but rather in the choice of UV brane
boundary conditions. We match this AdS construction to the known low energy structure of
the littlest Higgs and comment on some of the tensions inherent in the AdS construction. We
calculate the 5D Coleman-Weinberg effective potential for the Higgs and find that collective
breaking is manifest. In a simplified model with only the SU(2) gauge structure and the top
quark, the physical Higgs mass can be of order 200 GeV with no considerable fine tuning
(25%). We sketch a more realistic model involving the entire gauge and fermion structure
that also implements T -parity, and we comment on the tension between T -parity and flavor
structure.
1. Introduction
The little Higgs mechanism [1, 2, 3, 4, 5, 6, 7, 8] offers a fascinating way to stabilize the
electroweak scale. Like the Georgi-Kaplan composite Higgs [9, 10, 11, 12, 13], the little
Higgs is naturally light because it is a pseudo-Goldstone boson of a spontaneously broken
approximate global symmetry. What is novel about the little Higgs mechanism is that it
implements collective breaking. That is, the interactions of the theory are arranged such
that turning on any one interaction preserves enough of the global symmetry to protect
the Higgs mass. Therefore, quadratic divergences to the Higgs mass can only appear at
mutliloop order, and generically the Higgs boson is two loop-factors lighter than the scale
of spontaneous symmetry breaking. In principle, this allows us to push the cutoff of the
standard model as high as 10 TeV without fine-tuning the Higgs mass. In addition, specific
little Higgs models, such as models with a custodial SU(2) symmetry [14, 15] and models
which implement T -parity [16, 17, 18], automatically satisfy precision electroweak constraints
[19, 20, 21, 22, 23, 24, 25]. Therefore, it is reasonable to say that the little Higgs mechanism
is a fully realistic theory for perturbative physics up to 10 TeV.
Despite the phenomenological successes of little Higgs mechanism, there are questions
that one might be interested in answering that cannot be unambiguously calculated in a
theory with a 10 TeV cutoff. In particular, four-fermion operators that generate flavor-
changing neutral currents (FCNCs) generically require a cutoff of Λ ∼ 1000 TeV, so in a theory
with a 10 TeV cutoff, we have no natural way of explaining why FCNCs are so suppressed.
Also, in the original little Higgs papers, the Higgs potential is governed by operators with
quadratically sensitive couplings, and estimates of these couplings were generated using the
Coleman-Weinberg potential [26] and na¨ıve dimensional analysis [27, 28]. While we have no
a priori reason for not trusting these estimates, there are always O(1) effects (including sign
ambiguities) accompanying UV sensitive physics. For these reasons, we wish to present a
possible UV completion of the little Higgs mechanism in which the UV sensitive physics is
finite and calculable.
Here, we will focus on the simplest little Higgs model, the littlest Higgs [3]. The littlest
Higgs is based on an SU(5)/SO(5) non-linear sigma model, and there are two obvious UV
completions one might explore. The most na¨ive UV completion is a linear sigma model with
a Mexican-hat potential, but such a theory cannot address the hierarchy problem because the
mass of the linear sigma field is quadratically sensitive to the Planck scale. Alternatively, the
SU(5) → SO(5) symmetry breaking pattern could be generated by technicolor-like strong
dynamics. This is the path taken in [29] based on an SO(7) confining gauge group, and the
SU(5)/SO(5) non-linear sigma model arises analogously to the pions of QCD.
Another type of strong dynamics is suggested by the AdS/CFT correspondence [30, 31,
32] and its phenomenological interpretation [33, 34]. As noted in [35], the Higgs can emerge
as a composite state of a strongly coupled 4D quasi-conformal field theory, and while the
details of the strong dynamics are difficult to calculate, UV sensitive parameters such as the
Higgs potential can be determined in the weakly coupled AdS dual of the quasi-CFT. In all
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composite Higgs models, some separation between the confinement scale and the electroweak
scale is necessary in order to satisfy precision electroweak constraints. Recently, the Higgs
as a holographic pseudo-Goldstone boson has been incorporated into a realistic model [36]
where this separation is achieved by a mild fine-tuning between radiative contributions in
the fermion sector. In the littlest Higgs, the Higgs quartic coupling is naturally large and
parametrically of order the standard model gauge coupling, so it is particularly interesting to
study the composite littlest Higgs in the context of AdS/CFT. We can imagine a quasi-CFT
with an SU(5) global symmetry spontaneously broken to SO(5) at the scale of conformal
symmetry breaking, and the SU(5)/SO(5) non-linear sigma model will naturally emerge as
composites of the strong dynamics.
In this paper, we construct a simple AdS5 model [37, 38] that includes all the major
features of the littlest Higgs. We consider a slice of AdS5 space bounded by a UV brane
and an IR brane. In AdS language, it is easy to see why the Higgs potential will be finite
and calculable. The non-linear sigma field that contains the Higgs doublet lives on the IR
brane, and all interactions on the IR brane respect the global symmetries that leave the Higgs
massless. These global symmetries are only broken on the UV brane, so a quantum effective
potential for the Higgs is generated through loops that stretch from the IR brane to the UV
brane. Because these loops are non-local in the bulk of AdS, they are manifestly finite.
Even more interesting is what collective breaking looks like in AdS language. In the
original littlest Higgs model, the global SU(5) symmetry that protects the Higgs mass is
broken by gauging two subgroups of the SU(5) in such a way that the Higgs is exactly massless
unless both gauge couplings are non-zero. In our AdS model, two subgroups of the bulk SU(5)
gauge bosons are given different boundary conditions on the Planck brane, and collective
breaking in AdS language is now a statement about collectively choosing these boundary
conditions. Whereas the low-energy Coleman-Weinberg potential involved combinations of
coupling constants, the full 5D Coleman-Weinberg potential involves differences of Greens
functions in a way that makes collective breaking manifest.
Though the radiatively generated Higgs potential is parametrically of the right form to
successfully trigger electroweak symmetry breaking, when we look at the model in numerical
detail, we find an interesting tension that is already evident in the low energy phenomenology
and which is exacerbated by the AdS construction. The littlest Higgs contains a top partner t′
and electroweak gauge partners W ′ that cancel quadratic divergences coming from standard
model fermion and gauge loops. The ratio of the t′ mass to the W ′ mass is generically of
order 4λtop/
√
g21 + g
2
2 , where λtop is the top Yukawa coupling, gi are SU(2)i gauge couplings,
and the electroweak gauge coupling is determined by gEW = g1g2/
√
g21 + g
2
2 . For phenomeno-
logical reasons, we would like the t′ and W ′ to be nearly degenerate, and therefore we would
like to make g2 ≫ g1. However, in a large N CFT, gauge couplings are infrared free, so we
either have to shrink the conformal window in order to enforce a large separation between g1
and g2, or we have to reckon with dangerously light W
′ gauge bosons.
In the limit where g1 = g2, we may be able to live with a light W
′ if the theory has T -
parity, and at the end of this paper, we work towards constructing a realistic AdS5 model that
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implements T -parity. T -parity is a Z2 symmetry under which standard model fields are even
but new fields at the TeV scale are odd. This symmetry forbids standard model dimension six
operators from being generated by tree-level exchange of the new particles, so corrections to
precision electroweak observables are generically suppressed by a loop factor. However, we will
see a tension between implementing T -parity and trying to capitalize on the past successes of
AdS5 model building (see [39] for a summary). In particular, there is natural way to generate
hierarchies among the Yukawa couplings by putting standard model fermions in the bulk of
AdS space with different bulk masses [40, 41, 42, 43], and as an added bonus, this setup
naturally leads to suppressed FCNCs. Unfortunately, the same mechanism that generates
Yukawa hierarchies also leads to a hierarchy in the masses of T -odd fermion partners, and
the lightest T -odd fermion is far lighter than the current experimental bound. This tension
between precision electroweak constraints and FCNCs appears to be a problem for any AdS5
model with T -parity. In this light, it may be interesting to look at the AdS implementation
of little Higgs theories with a custodial SU(2) symmetry, where the mechanism that protects
precision electroweak corrections can coexist with the AdS mechanism of suppressing FCNCs.
Putting aside these detailed model building questions, the littlest Higgs in AdS space is a
technically natural extension of the standard model that makes sense up to the Planck scale
(or some suitably high UV scale when g1 6= g2). In CFT language, the hierarchy between the
Planck scale and the electroweak scale is generated in two steps. First, the hierarchy between
MPl and confinement scale is generated through dimensional transmutation. Second, the
hierarchy between confinement scale and the electroweak scale is guaranteed by collective
breaking. We expect it to be straightforward to generalize this AdS5 construction to other
little Higgs theories, allowing us to embed a class of phenomenologically successful models
into a UV complete framework.
In the next section, we review the holographic description of spontaneous symmetry
breaking and apply it to generic little Higgs theories. We present the littlest Higgs in AdS
space in Section 3, and match this theory to the well-known low energy description in Section
4. We comment on the tensions between the low energy theory and a large N CFT description
in Section 5. In Sections 6 and 7 we calculate the radiatively generated potential for the Higgs
doublet and show that there is a wide range of parameters with realistic values for the Higgs
mass. Finally, in Section 8 we sketch how to implement T -parity in AdS space, and conclude
with a preview of future directions in little Higgs model building.
2. The Little Higgs Mechanism through AdS/CFT
The little Higgs mechanism is ideally suited for a holographic interpretation because the
underlying physics involves symmetry breaking patterns and not the specific mechanism for
symmetry breaking. The generalization of the AdS/CFT conjecture to AdS5 with boundaries
[33, 44] can only give us limited information about the structure of the CFTs dual to AdS
models. Given an RS1-type model with a warped dimension [37], there is a corresponding 4D
quasi-conformal field theory coupled to gravity and an elementary sector, and this quasi-CFT
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E
Confinement Breaks G→ H
(Higgs ∈ G/H)
+
Little Higgs Partners (t′,W ′, φ, . . .)
Standard Model
+
Naturally Light Higgs
ΛQCD ∼ 10 TeV
ΛLH ∼ 1 TeV
CFT with Global Symmetry G
+
Gauged Subgroup F ⊂ G
Figure 1: Schematic of a generic 4D little Higgs theory. The scale ΛLH is the mass of the particles
responsible for collective breaking and is roughly of order fpi, the pion decay constant of the CFT.
The scale ΛQCD is where we see any particles not directly involved in collective breaking, namely the
ρ mesons of the CFT.
confines at the scale of the IR brane. But in any RS1-type model, we are ignorant about
physics on the IR brane at energies near the IR scale because the KK gravitons are strongly
coupled there. The dual description of 5D ignorance is 4D ignorance, so while the AdS/CFT
correspondence can tell us a lot about the low-energy bound states of the dual CFT, we do
not have an unambiguous understanding of physics near the confinement scale.
Our goal is to understand the UV sensitive parameters of the littlest Higgs model, and
we can arrange the interactions of the theory such that the Higgs potential is insensitive
to the details of physics near the confinement scale. In 5D language, this feature will
be obvious, as the Higgs boson is physically separated in the warped dimension from the
fields that radiatively generate the Higgs potential. In 4D language, the Higgs potential
is generated through interactions between the quasi-CFT and the elementary sector and is
therefore independent of the details of CFT dynamics.
Ignoring the fermion sector, all little Higgs models involve a global symmetry G that is
spontaneously broken to H at an energy Λ ∼ 10 TeV. We will assume that the breaking G→
H is triggered by QCD-like confinement, and the Goldstone bosons of G/H emerge as bound
states of the strong dynamics, analogously to the pions of QCD. (See Figure 1.) A subgroup
F ⊂ G is gauged and contains two copies of the electroweak gauge groupWi = SU(2)i×U(1)i
for i = 1, 2, butH only contains the diagonal electroweak gauge groupW1+W2. (In the model
we construct in the next section, we only introduce one copy of U(1)Y , so Wi = SU(2)i.)
The Higgs sector is embedded in the pseudo-Goldstone bosons of G/H such that the Higgs
field transforms as a (diagonal) electroweak doublet. To implement collective breaking, the
structure of the symmetry groups is chosen such that the Higgs is an exact Goldstone boson
if only one of the electroweak gauge groups is turned on.
If the strong sector of this theory is a strongly coupled conformal field theory, then there
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Figure 2: The gauge symmetries in AdS5 for a generic little Higgs theory where there is a G/H
non-linear sigma model at low energies with F ⊂ G gauged. The reduced gauge symmetries F and H
on the UV/IR branes can be accomplished through boundary conditions or linear sigma models. We
will work as closely as possible to boundary condition breaking.
is a simple AdS metaphor for this symmetry breaking pattern. Consider a slice of AdS5
bounded by a UV brane and a IR brane as in Figure 2. The metric for AdS5 is
ds2 =
1
(kz)2
(ηµνdx
µdxν − dz2), (2.1)
where k ∼MPl is the AdS curvature, and z parametrizes distance in the the warped dimension.
The UV brane sits at z = L0 ∼ 1/MPl and the IR brane sits at z = L1 ∼ 1/(a few TeV). It
is also convenient to introduce the parameter ǫ = L0/L1. In general, fields that “live” on the
UV brane correspond to 4D elementary fields that are outside of the CFT, and fields that live
on the IR brane correspond to composites of the strong dynamics. Fields living in the bulk
of AdS5 encode information about the operator content of the CFT. In particular, the global
symmetry G of the CFT corresponds to bulk G gauge bosons in AdS5. Gauging a subgroup
F of G in 4D language corresponds to reducing the bulk G gauge symmetry to F on the UV
brane. Spontaneously breaking G → H at Λ ∼ 10 TeV corresponds to reducing the bulk G
gauge symmetry to H on the IR brane.
As shown in [35], we could work entirely in the language of boundary conditions in
AdS space, imposing Dirichlet boundary conditions on the appropriate modes of the gauge
bosons Aaµ to reduce the gauge symmetries on the boundaries. In this case, the uneaten
Goldstone modes (including our Higgs boson) correspond to Aa5 zero modes. For our purposes,
we work instead in A5 = 0 gauge and reduce the gauge symmetry on the IR brane via a
linear sigma field Φ that takes a non-zero vacuum expectation value. For low energy physics
E < a few TeV, the boundary condition language and the linear sigma field language give
identical results, and we will go to a limit which is maximally similar to boundary condition
breaking. We prefer the Φ language because the fluctuations Σ about 〈Φ〉 are the pseudo-
Goldstone bosons associated with G/H, so the fact that the Φ field lives on the IR brane
makes it intuitively obvious that the pseudo-Goldstone bosons Σ are composite states of the
strong dynamics.
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We still have enough gauge freedom to use boundary conditions to reduce the gauge
symmetry on the UV brane to F . As we will see explicitly, collective breaking now looks like
a choice between Neumann and Dirichlet boundary conditions for the electroweak groups W1
and W2. If W1 has Neumann boundary conditions but W2 has Dirichlet boundary conditions
(i.e. onlyW1 is gauged), then the Higgs contained in Σ is still an exact Goldstone. Only when
all of F has Neumann boundary condition does the Higgs pick up a mass. This is because
Φ transforms as some representation of the bulk gauged G, and G-violating corrections to
the Φ potential can only come through loops involving gauge bosons that stretch from the
IR brane (where G is a good symmetry before Φ takes its vev) to the UV brane (where G is
explicitly broken by boundary conditions). Because these loops are non-local in the warped
dimension, their contribution to the Goldstone potentials are finite and calculable.
To complete the little Higgs mechanism we need to introduce fermions. Because the
Higgs lives on the IR brane, standard model fermions must have some overlap with the IR
brane. Standard model fermions do not come in complete G multiplets, however, and if we
simply included G-violating Yukawa couplings with the Φ field on the IR brane, then the
quantum effective potential for the Σ field would be sensitive to the cutoff on the IR brane,
namely a few TeV. While this is not a problem from a model-building perspective, our aim
was to have control over UV sensitive parameters in little Higgs models. Therefore, as for
the gauge sector, we only want to explicitly break G on the UV brane, so we introduce bulk
fermions in complete G multiplets. These bulk fermions couple to the Φ field on the IR brane
and have explicit G-violating (but F -preserving) boundary conditions on the UV brane. Like
the gauge sector, these boundary conditions are chosen collectively such that a mass for the
Higgs is only generated when there are pairs of Dirichlet boundary conditions.
While it appears that collective breaking involves a binary choice between Neumann
and Dirichlet boundary conditions, we could of course break G by introducing G-violating
UV brane kinetic terms for the gauge bosons and fermions. In our model, we in fact need
to do this because simple boundary conditions are not enough to generate different gauge
couplings for W1 and W2. Clearly, if we introduced a boundary mass term proportional to
m, then Neumann and Direchlet boundary conditions are just the m→ 0 and m→∞ limits,
respectively. As we will see when we write down the expression for the Higgs potential, the
boundary condition language makes it easy to see how the little Higgs mechanism works in
anti-de Sitter space, but the central idea is applicable for general boundary kinetic terms.
We use the shorthand (±,±) to indicate boundary conditions on the UV/IR branes, where +
indicates Neumann (or modified Neumann) boundary conditions, and − indicates Dirichlet
boundary conditions.
3. An AdS Implementation of the Littlest Higgs
The littlest Higgs [3] is based on an SU(5)/SO(5) non-linear sigma model. In this section, we
construct an AdS5 model that captures the essential features of the littlest Higgs involving
only the top and gauge sectors. This model roughly shares the 4D fermion content of [29].
– 6 –
S
U
(2
) 1
×
S
U
(2
) 2
×
U
(1
) Y
SU(5)× U(1)B
S
O
(5
)
×
U
(1
)
B
Everywhere: SU(3)C
Figure 3: Gauge structure of the littlest Higgs in AdS5.
Unlike the original littlest Higgs, we do not implement collective breaking for U(1)Y in order
to avoid issues arising from mixing between heavy and light U(1) gauge bosons, but because
the hypercharge gauge coupling is small, this will not change the Higgs mass appreciably.
In the calculations in the following sections, we simply ignore the U(1)Y contribution to the
Higgs mass and quartic coupling.
In the language of the previous section, we will take
G = SU(3)C × SU(5) × U(1)B
F = SU(3)C × SU(2)1 × SU(2)2 × U(1)Y
H = SU(3)C × SO(5)× U(1)B
(3.1)
where SU(3)C is color SU(3), and U(1)B has nothing to do with baryon number. (See Figure
3.) The SU(2) generators of F are imbedded in the SU(5) generators as
Qa1 =
(
σa/2
)
, Qa2 =
(
−σ∗a/2
)
. (3.2)
There is a U(1)A in SU(5) generated by A = diag(1, 1, 0,−1,−1)/2, and U(1)Y is defined by
Y = A + B, where B is the U(1)B generator. For the purposes of calculating the radiative
Higgs potential, we need only introduce the bulk gauge coupling g5 for SU(5). We also
introduce a Planck brane boundary gauge kinetic terms for the SU(2)i subgroups proportional
to zi. Propagators for gauge fields with boundary conditions and Planck brane kinetic terms
are given in Appendix A. The low energy gauge couplings gi for the SU(2)i can be extracted
by integrating out the bulk of AdS:
1
g2i
=
1
g25L0
(
log
L1
L0
+ zi
)
=
1
g2ρ
(− log ǫ+ zi), (3.3)
where we have introduced gρ = g5
√
L0. gρ is the AdS perturbative expansion parameter that
has the holographic interpretation gρ ∼ 4π/
√
N in a large N CFT [33].
The field Φ on the IR brane is a symmetric tensor that transforms as
Φ→ V ΦV T (3.4)
– 7 –
under SU(5), and Φ is a singlet under SU(3)C ×U(1)B . Φ takes a vacuum expectation value
〈Φ〉 = Σ0 ≡

 11
1

 , (3.5)
breaking SU(5) → SO(5) on the IR brane. The unbroken SO(5) generators Ta and the
broken SU(5)/SO(5) generators Xa satisfy
TaΣ0 +Σ0T
T
a = 0, XaΣ0 − Σ0XTa = 0. (3.6)
Performing a broken SU(5) transformation on the vacuum, we can parametrize fluctuations
about the Φ background as
Σ = eiΠ/f5Σ0e
iΠT /f5 = e2iΠ/f5Σ0, (3.7)
where Π = πaXa is the Goldstone matrix and f5 is related the 4D Goldstone decay constant
f4 by f4 = ǫf5. As we will see, f4 has nothing to do with what a low energy observer would
call the pion decay constant, and we will actually go to the limit f4 → ∞. Three of the
Goldstone bosons are eaten by the Higgsing of SU(2)1 × SU(2)2 down to SU(2)EW , giving
rise to the gauge boson partner W ′. The remainder of the Π matrix can be written as
Π =

 (η/
√
20)1 h†/
√
2 φ†
h/
√
2 −4η/√20 h∗/√2
φ hT /
√
2 (η/
√
20)1

 , (3.8)
where η is a real neutral field, h = (h+, h0) is the Higgs doublet, and φ is a complex symmetric
two by two matrix that transforms as a charge 1 electroweak triplet.
On the IR brane, the leading lagrangian for Σ is the gauged non-linear sigma model
LΣ =
√−gindδ(z − L1)gµνind
f25
8
tr(DµΣ)
†(DνΣ), DµΣ = ∂µΣ− iAµΣ− iΣATµ , (3.9)
where Aµ = A
a
µTa + A
b
µXb are the 5D SU(5) gauge bosons. In order to give the η field a
mass and remove it from the spectrum, we introduce an explicit SO(5) violating plaquette
operator on the IR brane which does not substantially affect the Higgs potential. Expanding
Σ in the Goldstone fields, there is a linear coupling between h and the KK gauge bosons
which induces wavefunction renormalization on h. Integrating out the heavy KK states, the
kinetic lagrangian for h is
Lh = Zh|Dµh|2, Zh =
(
1 +
f25 g
2
5Gbr
2
)−1
, (3.10)
where the covariant derivative now only includes electroweak gauge fields, andGbr = Gˆ(0;L1, L1) =
L0/2 is the zero momentum boundary to boundary rescaled gauge boson propagator for modes
with (−,+) boundary conditions.
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In this simplified littlest Higgs model, we only consider fermionic contributions to the
Higgs mass from the top sector. We introduce two bulk 5D (Dirac) fermions Q and Qc.
Under KK decomposition, Q and Qc have upper (left-handed) and lower (right-handed)
Weyl components:
Q =
(
Q
Q
′
)
, Qc =
(
Q′c
Q
c
)
. (3.11)
In order for the 4D masses of the KK fermion tower to have real masses, we must impose
Dirichlet boundary conditions on either the upper or lower component on each of the AdS
boundaries [40]. However, because we do not impose orbifold symmetry on AdS space, the
choice of which mode vanishes is independent on each boundary. We choose the upper com-
ponent Q of Q and the lower component Qc of Qc to have non-vanishing boundary conditions
on the IR brane. While this choice is arbitrary, it will simplify the calculation of the fermionic
contribution to the Σ effective potential.
The components Q and Qc transform under G as:
SU(3)C SU(5) U(1)B
Q 3 5 +2/3
Qc 3¯ 5 −2/3
(3.12)
Expanding Q and Qc as SU(5) multiplets:
Q =

 p˜t˜
q

 , Qc =

 q˜
c
tc
p˜c

 . (3.13)
Under F , these fields transform as:
SU(3)C SU(2)1 SU(2)2 U(1)Y B.C.
q 3 − 2 +1/6 (+,+)
tc 3¯ − − −2/3 (+,+)
t˜ 3 − − +2/3 (−,+)
q˜c 3¯ 2 − −1/6 (−,+)
p˜ 3 2 − +7/6 (−,+)
p˜c 3¯ − 2 −7/6 (−,+)
(3.14)
After SU(2)2 is Higgsed to the electroweak SU(2), the q and tc fields have the right quantum
numbers to be the standard model third generation quark doublet and top singlet. In order
for q (tc) to have zero modes, we take them to have Neumann boundary conditions on the
UV brane, and thus the associated lower (upper) component modes have Dirichlet boundary
conditions there. The tilded fields have Dirichlet boundary conditions on the UV brane, so
the first KK mode is massive. The t˜ and q˜c fields are roughly the t′ and q′ fermionic partners
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responsible for cutting off the divergent top contribution to the Higgs mass, but the p˜ and p˜c
are spectators that serve merely to fill out the SU(5) representation.1
As is standard in AdS model building, we give Q and Qc bulk masses νk and νck. The
values of ν and νc affect the spectrum and wavefunctions of the KK tower. In CFT language,
the values of ν and νc adjust the anomalous dimension of operators corresponding to the zero
mode of the relevant fermions [45]:
γ = |ν − 1/2| − 1, γc = |νc + 1/2| − 1. (3.15)
(Unfortunately, we use opposite conventions from [45] for the signs of ν and νc.) In particular,
in order to generate a large enough top Yukawa coupling, we need the top doublet and
singlet to have anomalous dimension close to or less than zero. Though we will not discuss
precision electroweak tests in this paper, we note that because these anomalous dimensions
are indictations of couplings between the fermions with the CFT, deviations from standard
model predictions for Z → bb¯, S, T , etc. are expected to be smaller the closer γ and γc are
to zero. (See [39, 36] for details.) In Model 3 presented in Section 7, ν = −νc ∼ 1/2 which
at first glance seems to suggest large deviations from precision electroweak measurements.
However, in that model, the CFT resonances appear at around 10 TeV, so while the mixing
with CFT states may be large, the suppression scale for dangerous dimension six operators
is much higher.
To generate the top Yukawa coupling, we introduce a Yukawa interaction on the IR brane:
Lt =
√−gindδ(z − L1)
(
λQΣ†Qc + h.c.
)
, (3.16)
where λ is O(1).2 This interaction does not break any of the global symmetries acting on Σ.
In fact, ignoring the gauge sector, there is an enhanced SU(5)L × SU(5)R global symmetry
acting on Σ:
Σ→ LΣRT , Q→ LQ, Qc → RQc, (3.17)
and both of these SU(5)s must be broken in order for the Higgs to get a radiative mass from
the fermion sector. Indeed, the UV brane boundary conditions on Q break SU(5)L and the
UV brane boundary conditions onQc break SU(5)R. Equivalently, at energies below the mass
of the fermion KK modes, all the symmetries that protect the mass of the Higgs boson are
broken, but when we see the KK modes of the tilded fields, we restore the SU(5)L × SU(5)R
global symmetry of the fermion sector. In order for the tilded fields to naturally cancel the
quadratically divergent top loop, at least one of the top partners must have mass no greater
than around 2 TeV [3].
1Though p˜ and p˜c have the right quantum numbers such that their zero modes could become one massive
vector fermion, we will have more flexibility to choose different bulk masses for Q and Qc if we remove the p˜
and p˜c zero modes.
2This is dimensionally correct, because Q and Qc are components of 5D fermions and have mass dimension
2.
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Expanding around Σ = Σ0, we see that the Yukawa interaction in equation (3.16) gener-
ates kinetic mixing between the tilded and untilded fields. The overlap of the zero modes of
q and tc with the IR brane are
q : fL(ν) =
1
L
1/2
1
√
1 + 2ν
1− ǫ1+2ν , t
c : fR(ν
c) =
1
L
1/2
1
√
1− 2νc
1− ǫ1−2νc . (3.18)
Mixing between the zero mode of q (tc) and the KK modes of q˜c (t˜) induce the following
wavefunction renormalizations:
Zq = 1 + λ
2fL(ν)
2Gq˜c/ǫ, Ztc = 1 + λ
2fR(ν
c)2Gt˜/ǫ, (3.19)
where Gq˜c = Gˆ
c(0;L1, L1; ν
c) and Gt˜ = Gˆ(0;L1, L1; ν) are zero momentum boundary to
boundary rescaled fermion propagators for modes with (−,+) boundary conditions. After
integrating out the heavy modes, the low energy Yukawa interaction in terms of canonically
normalized fields is:
Lt = λtop (qhtc + h.c.) , λtop = λfL(ν)fR(ν
c)
√
2
f4
√
ZhZqZtc
, (3.20)
where using Appendix A, we have
Zh =
(
1 +
f25 g
2
5L0
4
)−1
, Zq = 1 +
(
λ
fL(ν)
fL(νc)
)2
, Ztc = 1 +
(
λ
fR(ν
c)
fR(ν)
)2
. (3.21)
In the next section, we will show how to understand this expression in terms of the t′ and q′
fields of the littlest Higgs.
4. Matching to the Low Energy Theory
The low energy phenomenology of the littlest Higgs is governed by the pion decay constant
fpi, which sets the mass scale for the gauge boson partner W
′, the fermionic partners t′ and
q′, and ultimately the electroweak scale. In our AdS construction, however, we appear to
have two independent mass scales, f4 and 1/L1, and it is not clear which combination we
should call fpi. From the CFT point of view, we want the SU(5)/SO(5) non-linear sigma
field to arise directly from confinement and not from a composite linear sigma field. In other
words, we would like to decouple all information about the Φ field that lived on the IR brane,
and the way to do this is to send f4 → ∞. In AdS langauge, the f4 → ∞ limit is morally
equivalent to describing Σ as the zero mode of A5, though by leaving f4 as a finite parameter,
we are able to go to the computationally simpler A5 = 0 gauge.
We notice immediately that all reference to f4 vanishes in this limit. The top Yukawa
coupling in equation (3.20) involves the combination f4
√
Zh, and in this limit,
f4
√
Zh → 2ǫ
g5
√
L0
=
2
gρL1
≡ fpi, λtop → λfL(ν)fR(ν
c)
√
2
fpi
√
ZqZtc
, (4.1)
– 11 –
where we have cavalierly defined the pion decay constant fpi. To justify this choice, we need
to match to the gauge sector. At large f4, the Σ kinetic term in equation (3.9) enforces
vanishing IR boundary conditions on the gauge bosons corresponding to the subgroup G/H.
Gauge bosons contained in F ∩ G/H are the littlest Higgs W ′ modes. If we take g1 = g2
(z1 = z2), then using Appendix A the mass of the lightest KK mode of a (+,−) gauge boson
is roughly m2W ′ = 2/L
2
1(− log ǫ+ z). For arbitrary Planck brane gauge kinetic terms, the W ′
has approximate mass
m2W ′ ∼
1
L21
(
1
− log ǫ+ z1 +
1
− log ǫ+ z2
)
=
g21 + g
2
2
g2ρL
2
1
. (4.2)
where we have used equation (3.3) in the last step. In the littlest Higgs, the mass of the W ′
is [3]
mW ′ =
g′fpi
2
, g′ =
√
g21 + g
2
2 . (4.3)
Therefore, to match the low energy theory, we should identify fpi with
fpi ≡ 2
gρL1
, (4.4)
in agreement with equation (4.1). The mass of the lightest KK mode of a (+,+) or (−,+)
gauge boson is roughly mρ ∼ 3π/4L1, which sets the scale for the ρ-like resonances of the
CFT. In terms of fpi and gρ ∼ 4π/
√
N :
fpi ∼ mρ
gρ
∼ mρ
4π
√
N, (4.5)
which reproduces the expected
√
N scaling of fpi in strongly coupled theories [47]. Because
we want a large separation between the scale of new physics mρ and the pion decay constant
fpi, we would like to take N small (gρ large). For reference, the electroweak gauge coupling
gEW in terms of g1 and g2 is
gEW =
g1g2√
g21 + g
2
2
. (4.6)
Now that we understand how to identify fpi in the gauge sector, we want to know whether
this choice is consistent with the fermion sector. Using the fermion content of [29] and a
notation suggestive of equation (3.14), the low energy littlest Higgs fermion sector has the
lagrangian
Lt = λ1(qhtc + αqfpiqq˜c + αtfpi t˜tc) + λ2fpiq˜q˜c + λ3fpi t˜t˜c, (4.7)
where αi are O(1) parameters inserted for reasons that will become clear shortly.3 The fields
q, t˜, tc, and q˜c are familar from equation (3.14), and the interaction proportional to λ1 would
arise from the leading expansion of equation (3.16). Because q˜c and t˜ are (−,+) modes, they
do not have zero modes, and q˜ and t˜c are the components of Q′c and Q′ that pair with q˜c
3From the low energy point of view, αq and αt account for any effects from wave function renormalization.
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and t˜ to form Dirac masses. We see that a linear combination of q and q˜ marries with q˜c to
become the q′, and a linear combination of tc and t˜c marries with t˜ to become the t′. The
partners q′ and t′ cut off fermionic quadratic divergences in the Higgs potential, and their
masses are
mq′ = fpi
√
α2qλ
2
1 + λ
2
2, mt′ = fpi
√
α2tλ
2
1 + λ
2
3. (4.8)
After integrating out t′ and q′, the low energy Yukawa coupling is
λtop =
λ1√
1 + α2qλ
2
1/λ
2
2
√
1 + α2tλ
2
1/λ
2
3
. (4.9)
This form of the Yukawa coupling is very suggestive of equation (3.20). We can match λi
to parameters of the AdS theory by expanding equation (3.16) in KK modes and canonically
normalizing just the Higgs doublet:
λ1 → λfLfR
√
2
f4
√
Zh
, αqλ1fpi → λfLf (1)R , αtλ1fpi → λf (1)L fR,
λ2fpi → m(1)R , λ3fpi → m(1)L . (4.10)
Here m
(1)
L (ν) and f
(1)
L (ν) are the mass and IR brane overlap of the lightest KK mode of a
(−,+) upper component fermion with bulk mass νk, and similarly for m(1)R (νc) and f (1)R (νc).
Note that fL and fR have dimensions of
√
mass so these expressions match dimensionally. The
ratio αq/αt is clearly necessary to account for the fact that λfLf
(1)
R need not equal λf
(1)
L fR.
We see that all of the λi’s act as spurions for the soft breaking of SU(5). In particular, λ2
and λ3 are proportional to the masses of (−,+) modes, and if SU(5) were restored on the UV
brane, λ2 and λ3 would go to zero as all the (−,+) modes would become (+,+) zero modes.
We can write the expressions for λtop in terms of boundary to boundary 5D propagators.
On the IR brane, (−,+) bulk fields look like tower of massive states with different overlaps:
Gˆ(p;L1, L1)/ǫ ∼
∑
i
f (i)
2
p2 +m(i)
2 . (4.11)
(We have analytically continued to momentum space.) As long as there is a large mass
separation between the first state the second state, we can write approximately
Gˆ(0;L1, L1)/ǫ ∼ f
(1)2
m(1)
2 . (4.12)
From the mapping in equation (4.10),
1 + α2qλ
2
1/λ
2
2 → Zq, 1 + α2tλ21/λ23 → Ztc , (4.13)
and we see that the Yukawa couplings in equations (3.20) and (4.9) match beautifully.
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We can use equation (4.10) to identify the low energy fpi:
fpi =
f
(1)
L
αtfL
√
2
f4
√
Zh =
f
(1)
R
αqfR
√
2
f4
√
Zh. (4.14)
This matches to equation (4.1) as long as we define αt and αq appropriately. Of course, these
were unknown coefficients in the low energy theory anyway so it is not surprising that their
value depends on the UV completion. More importantly, once we fix what we mean by fpi
from the gauge sector, there is an unambiguous translation to the fermion sector. Note that
when ν = νc = 0, f
(1)
i /fi ∼
√
2, and αi ∼ 1.
5. Tension with the High Energy Theory
Though we have successfully matched our AdS construction with low energy observables,
there are relationships between the parameters of the littlest Higgs which although harmless
from the low energy point of view, cause some tension once a UV completion in the form
of a large N CFT is chosen, and we will see that in order to address these issues, we need
to shrink the conformal window by taking 1/L0 to be smaller than MPl. The UV scale can
still be quite high, however, so in this sense we can still claim a viable UV completion of the
littlest Higgs.
At the end of the day, the radiatively generated Higgs potential will take the form
V (h) = −m2hh†h+ λh(h†h)2, vEW =
√
−m2h
λh
, mh0 =
√
−2m2h, (5.1)
where vEW ∼ 246 GeV is the electoweak scale and mh0 is the mass of the physical Higgs
boson. Because λtop is numerically larger than gEW , the dominant contribution to the Higgs
potential will come from top loops. From the low energy Coleman-Weinberg potential, there
is the logarithmic contribution to the Higgs doublet mass from the fermion sector [29],
δfermionm
2
h = −
3λ2top
8π2
m2q′m
2
t′
m2q′ −m2t′
log
m2q′
m2t′
→ −3λ
2
top
8π2
m2t′ , (5.2)
where in the last step, we have taken the special case mt′ = mq′ , which minimizes the
contribution to the Higgs doublet mass for fixed λtop. (We are assuming αt = αq = 1 for
simplicity.) In this limit, mt′ = 2
√
2λtopfpi,
4 and the contribution to the Higgs doublet mass
is bounded by
δfermionm
2
h = −
3λ4topf
2
pi
π2
. (5.3)
The physical Higgs will be roughly a factor of λtop/4 lighter than the t
′, and to the extent
that λtop is small, we will have a light Higgs boson. Of course, λtop ∼ 1, so numerically there
4When αi 6= 1, the mass of the t′ can be lighter than 2
√
2λtopfpi even in the limit mt′ = mq′ .
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is not much of a separation of scales. While it may not be a total disaster if mh0 ∼ mt′ , the
mass of the t′ is set by fpi which in turn sets the mass of the W
′:
mW ′ =
g′f
2
= mt′
g′
4
√
2λtop
. (5.4)
If g1 = g2, then g
′ = 2gEW , and mW ′ would generically be lighter than the Higgs boson.
The obvious way to relieve this tension is to raise g′ by increasing g2, but there is a limit
to how high we can push g2 without perturbation theory breaking down in AdS space. Even
without Planck brane gauge kinetic terms, the largest g2 can be is 4π/
√
log ǫ−1, assuming
gρ ∼< 4π. If ǫ ∼ 10−15, then g′ cannot be much larger than 3.5gEW . Therefore, if we want
the t′ and W ′ to be roughly degenerate, we have to shrink the size of AdS space. In CFT
language, the SU(2)i beta function is very large in a large N CFT:
bCFT
8π2
∼ 1
g2ρ
∼ N
16π2
, (5.5)
so all gauge coupling run to zero in the infrared. If we leave the confinement scale fixed, the
way to increase gauge couplings is to have gauge coupling running begin at a lower scale. We
will explore the possibility of shrinking the conformal window more thoroughly in Section 7.
Even if we do decrease 1/L0, we may still want to increase the separation between the
partner masses and the electroweak scale. In the limit mt′ = mq′ , the fermion contibution to
the Higgs quartic coupling is [29]
δfermionλh =
λ4top
π2
, (5.6)
so ignoring the gauge sector, the electroweak scale would not be very different from fpi:
vEW =
√
−m2h
λh
=
√
3fpi. (5.7)
Of course, there is a positive contribution to m2h coming from the gauge sector [3]
δgaugem
2
h =
9
64π2
g2EW f
2 log
m2ρ
m2W ′
, (5.8)
which grows large if we are able to increase the mass of W ′, so vEW will certainly be smaller
than the value in equation (5.7). Also, there are other sources of SU(5) symmetry breaking in
a realistic model that would tend to give a positive contribution to m2h, such as the inclusion
of U(1)Y effects and the (unspecified) mechanism to remove the η field from the spectrum.
Taken together, the final m2h value will be
m2h = δfermionm
2
h + δgaugem
2
h + δotherm
2
h. (5.9)
The first two pieces are finite and calculable in our model, and while in principle δotherm
2
h
could be calculable if the additional SU(5) violating effects are nonlocal in AdS, in general we
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expect the IR brane to be a complicated place which could admit small sources of local SU(5)
violation which might not be unambiguously determined. In order to increase the separation
between vEW and fpi, we will present calculations where we allow ourselves to add δotherm
2
h
contributions, but we will limit ourselves to 10% fine-tuning, meaning that |m2h|/|δm2h| must
be greater than .1 for each individual contribution. We will also show that in certain regions of
parameter space, δfermionm
2
h and δgaugem
2
h can balance each other without including a δotherm
2
h
piece.
We remark that this philosophy towards tuning is very different than the one presented in
[36]. In our case, we have a natural mechanism for generating a large Higgs quartic coupling,
so for fixed electroweak scale, the Higgs mass mh0 =
√
2λhvEW is reasonably heavy. However,
because λtop is large, we have to do some amount of tuning to increase the separation between
vEW and fpi. In [36], some amount of tuning between fermion contributions to the radiative
potential is needed to get a hierarchy between vEW and fpi, and this tuning does not yield
a very large Higgs quartic, so the Higgs boson is correspondingly very light (though within
experimental bounds). In our model, we require additional sources of symmetry breaking to
avoid precision electroweak constraints, and in their model, they require additional sources of
symmetry breaking to allow for a greater range in the Higgs mass. However, whereas we posit
additional unknown sources of symmetry breaking to decrease the absolute value of a relevant
parameter (−m2h), they introduce additional interactions to increase the value of a marginal
parameter (λh). In addition, we expect that a similar level of tuning would be necessary in
[36] even if λtop and gEW were smaller, whereas in our case, the ratio between vEW and fpi is
naturally on the order of these small parameters.
6. Collective Breaking in AdS Space
The Higgs doublet receives a mass and quartic coupling via quantum corrections. To evaluate
these corrections, we will calculate the Coleman-Weinberg potential [26] to one-loop order in
a background with non-zero Σ. Expanding the potential V (Σ) in the Goldstone fields, we
can easily identify the quantum corrections to the Higgs mass and quartic coupling. At
the end of the day, we will take the f4 → ∞ limit in order to decouple all information
about how SU(5) is broken to SO(5) on the IR brane. In the next section, we will present
numerical calculations with specific values of the parameters in order to illustrate the tensions
mentioned in the Section 5. In this section, we focus on trying to understand the structure
of the Coleman-Weinberg integrals.
What is most fascinating about the littlest Higgs in AdS space is that the expressions
for the mass and quartic coupling manifestly exhibit collective breaking. The 5D Coleman-
Weinberg potential is a function of 5D propagators evaluated on the IR brane (See Appendix
A for the form of these propagators). In both the gauge boson and fermion case, there are
two relevant (rescaled) propagators which we can write schematically as
G = Gˆ(+,+)(p;L1, L1), Gbr = Gˆ
(−,+)(p;L1, L1), (6.1)
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corresponding to fields with (+,+) and (−,+) boundary conditions. If all of the fields that
coupled to Σ had the same boundary conditions on the UV brane, then SU(5) would be a
good symmetry everywhere in AdS space and the Higgs would be an exact Goldstone. The
degree to which SU(5) is broken on the UV brane tells us the degree to which the Higgs is
a pseudo-Goldstone boson, so the expression for the Higgs mass and quartic coupling will be
proportional to (Gbr−G). Indeed, by collective breaking, the expressions will be proportional
to two factors of (Gbr −G), showing that two “coupling constants” have to be non-zero for
the Higgs to acquire a radiative potential.
We begin with the gauge sector. The gauge bosons couples to Σ on the IR brane through
the Σ kinetic term:
LΣ =
√−gindδ(z −L1)gµνind
f25
8
tr(DµΣ)
†(DνΣ) ⊃ ǫ2 f
2
5 g
2
5
8
AµaAbµ tr(TaΣ+ΣT
T
a )(T
T
b Σ
†+Σ†Tb).
(6.2)
The (rescaled) mass-squared matrix for the gauge boson in the background Σ is therefore
M2ab =
f25 g
2
5
4
tr(TaΣ+ ΣT
T
a )(T
T
b Σ
† +Σ†Tb). (6.3)
To generate the effective potential for Σ to 1-loop order, we consider an arbitrary number of
mass insertions, analytically continuing the propagators to Euclidean space:
δgauge
(√−gindV (Σ)) = 3
2
∫
p3dp
8π2
tr
∞∑
n=0
(−1)n
n
(Gˆ·M2)n = 3
2
tr
∫
p3dp
8π2
log(1+Gˆ·M2), (6.4)
where Gˆab = Gˆa(p;L1, L1)δab are the rescaled propagators for the SU(5) gauge bosons, and a
labels the generators of SU(5). (The factor of 3 accounts for the three polarizations of each
gauge boson.) The propagators for the SU(2)i subgroups will be labeled Gi for i = 1, 2, and
the propagators for the rest of SU(5) will be labeled Gbr to indicate that those propagators
have Dirichlet boundary conditions on the UV brane.
Using the fact that tr logX = log detX, we can evaluate equation (6.4) exactly. Expand-
ing V (Σ) in powers of the Goldstone fields, the mass correction to the Higgs potential from
gauge bosons loops is (including wavefunction renormalization for the Higgs):
δgaugem
2
h =
9
16Zhǫ2
∫
p3dp
8π2
f25 g
4
5 (Gbr −G1) (Gbr −G2)
(1 + f25 g
2
5Gbr/2)(1 + f
2
5g
2
5(G1 +G2)/4)
. (6.5)
In the numerator, we manifestly see collective breaking, in that both G1 6= Gbr and G2 6= Gbr
in order for the Higgs to get a radiative potential from the gauge sector. As already mentioned,
we want to take the f5 → ∞ limit. The resulting expression only depends on the AdS
parameters through fpi = 2/(L1gρ) and the propagators themselves:
δgaugem
2
h =
9
2f2pi
∫
p3dp
8π2
(Gbr −G1) (Gbr −G2)
Gbr(G1 +G2)
. (6.6)
We will discuss the physical meaning of this integrand after we calculate the Higgs quartic.
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In the littlest Higgs, there is a radiatively generated trilinear coupling φhh and φ2 mass
term. Looking the at the fermion coupling in equation (3.16) and the fermion content in
equation (3.14), it is clear that there is still a global SU(2) symmetry present in the fermion
sector that protects the triplet from radiative corrections, so all contributions to the φ po-
tential will come from gauge boson loops.5 Using the Coleman-Weinberg potential we can
calculate the contribution to the triplet mass and φhh coupling to 1-loop order in the f5 →∞
limit. To go to this limit, we need to canonically normalize φ, and we use Zh = Zφ:
δgaugem
2
φ =
3
f2pi
∫
dpp3
8π2
2G2br + 4G1G2 − 3Gbr(G1 +G2)
Gbr(G1 +G2)
, (6.7)
δgaugeλφhh =
3
2f3pi
∫
dpp3
8π2
G1 −G2
G1 +G2
. (6.8)
In the case G1 = G2, we see that no φhh coupling is generated, corresponding to the T -parity
limit of the theory. The direct contribution of the gauge bosons to the Higgs quartic is
δgaugeλ
′
h = −
3
4f4pi
∫
p3dp
8π2
3G2br(G
2
br −G21 −G22) +Gbr(G2br −G1G2)(G1 +G2) + 3G21G22
G2br(G1 +G2)
2
.
(6.9)
After integrating out the heavy triplet, the total gauge contribution to the Higgs quartic is
δgaugeλh = δgaugeλ
′
h −
(δgaugeλφhh)
2
δgaugem2φ
. (6.10)
Collective breaking is certainly not manifest in this form, but we can check that collective
breaking occurs slice by slice in momentum space. Imagine doing each momentum integral
from p0 to p0 +∆p0. The contribution from this slice to δgaugeλh is
1
f4pi
∆p0p
3
0
8π2
(Gbr −G1) (Gbr −G2)
G2br(G1 +G2)
2
E4(Gbr, G1, G2)
E2(Gbr, G1, G2)
∣∣∣∣
p=p0
, (6.11)
where Ei are unenlightening i-th order polynomials. We see readily that the gauge contri-
bution to λh vanishes in each slice of momentum space unless both G1 and G2 are different
from Gbr.
Before proceeding to analyze the fermion contribution, it is interesting to ask whether
these 1-loop contributions match our expectations from the low energy theory. Expanding
the integrand in equation (6.6) to lowest order in momenta and integrating with a hard
momentum cutoff Λ0:
δgaugem
2
h ∼
∫ Λ0
I(p→ 0) dp = 9g
2
EWΛ
2
0
64π2
+O(Λ40/f2pi), (6.12)
which is exactly the expected quadratically divergent contribution to the Higgs mass from a
W boson loop. Figure 4 is a plot of the integrand of equation (6.6) with the parameters of
5In particular, in this model there is no danger of having a negative triplet mass squared.
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0.5 1 1.5 2 p L1
Gauge IHmh2L
Figure 4: The gauge boson integrand for δgaugem
2
h using the parameters of Model 1c. The linear
behavior near p = 0 corresponds to the quadratic sensitivity of this operator below the mass of the
W ′. The W ′ has mass around .18/L1 and the ρ-like resonances appear at 2.4/L1.
Model 1c from the next section. At low energies, we see the linear behavior in p corresponding
to the quadratic divergence from the W loops. At momenta around mW ′ ∼ .18/L1, this
divergence is softened by the appearance of the W ′ partner. The 1/p behavior between mW ′
and mρ ∼ 2.4/L1 reflects a logarithmic threshold correction, and at p ∼ mρ, the integrand
dies off exponentially fast.
Note that the peak in the m2h integrand is almost exactly at mW ′. More generally, when
there is a quadratic divergence at low energies that is cutoff by the existence of new states,
the integrands are roughly of the form (ignoring coupling constants):
I(p) ∼ p
3
8π2
1
f2pip
2
∏
i
(
1− p
2
p2 +m2i
)
∼ p
3
8π2
1
f2pip
2
(
1− p
2
p2 +m2partner
)N
, (6.13)
where mi is the mass of any partner particle whose appearance would cutoff the quadratic
divergence, and in the last step, we have gone to the limit where all N of the partners are
degenerate with mass mpartner. The peak in I(p) is at
p ∼ mpartner√
2N − 1 . (6.14)
For the gauge quadratic divergence to the Higgs mass, N = 1 because there is only the W ′
partner particle, and indeed the peak in Figure 4 is at the mass of the W ′. We can do the
integral over p of I(p):
∫
I(p) dp =
m2partner
(4πfpi)2
log
Λ2
m2partner
(N = 1),
m2partner
(4πfpi)2
1
N − 1 (N > 1). (6.15)
These factors are what a low energy observer would call “unknown O(1) coefficients” that
multiply quadratically sensitive operators. In the example of a single W ′ (N = 1), there
is still a logarithmic divergence, and indeed the ρ-like resonances provide an effective cutoff
Λ ∼ mρ for δgaugem2h.
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0.5 1 1.5 2 p L1
Gauge IHmΦ2L
0.5 1 1.5 2 p L1
Gauge IHΛΦhhL
0.5 1 1.5 2 p L1
Gauge IHΛh'L
Figure 5: The gauge boson integrands for δgaugem
2
φ, δgaugeλφhh, and δgaugeλ
′
h using the parameters
of Model 1c. The mass of the first ρ-like resonances is ∼ 2.4/L1, and all of these integrands become
exponentially small at momenta corresponding to the second ρ-like resonances ∼ 5.5/L1. See the text
for why the peaks of these integrands are at p ∼ 1.3/L1. Note the −1/p behavior of δgaugeλ′h near
p = 0, corresponding to expected low energy logarithmic running of the Higgs quartic.
The expressions for the quartic coupling are also very interesting. Expanding equations
(6.7), (6.8) and (6.9) in momenta and integrating up to Λ0:
δgaugem
2
φ ∼
3g2EW
8π2
Λ20 +O(Λ40/f2pi), δgaugeλφhh ∼
3(g21 − g22)
64π2(g21 + g
2
2)
Λ40
f3pi
+O(Λ60/f5pi),
δgaugeλ
′
h ∼ −
9g4EW
256π2
log Λ20 +O(Λ20/f2pi). (6.16)
To leading order in Λ0, δgaugeλh comes entirely from δgaugeλ
′
h. This logarithmic divergence is
the standard contribution to a doublet scalar from aW boson loop. Looking at the integrands
in Figure 5, we see that each one rises linearly until it peaks at ∼ 1.3/L1. The linear behavior
reflects the fact that the low energy operators which generate the Higgs quartic coupling are
quadratically sensitive to the cutoff. However, there is no state in the spectrum at ∼ 1.3/L1
where the quadratic divergence is softened. Rather, the ρ-like states appear at ∼ 2.4/L1 but
N = 2 because along with the (+,+) gauge bosons, the appearance of the first KK mode of
the (−,+) gauge bosons or the second KK mode of the (+,−) gauge bosons would restore
enough of the SU(5) global symmetry to protect the Higgs mass.6 At momenta p ∼ 5.5/L1
6The (+,−) modes technically only exist in the f4 → ∞ limit. The first KK (+,−) mode is the W ′ and
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the integrands are exponentially suppressed, as one might expect as this is the scale of the
next-to-lightest KK gauge boson modes.
Now for the fermion contribution to the Higgs potential. The bulk fermions couple to
the IR brane scalar Σ via
LYukawa =
√−gindδ(z − L1)(λQ¯ΣQc + h.c.). (6.17)
Unlike equation (3.16), we are explicitly using bulk Dirac notation, though recall that the
boundary conditions eliminate the lower (upper) Weyl fermion in Q (Qc) on the IR brane.
In order to form a fermion loop and contract the fields, we need two such Yukawa insertions,
so the one-loop effective potential for Σ is
δfermion
(√−gindV (Σ)) = −3 tr
∫
p3dp
8π2
log(1 + Sˆ ·M · Sˆc ·M †), (6.18)
where Sˆab = Sˆaδab are bulk 5D propagators (with Dirac indices) for Q, and similarly for Sˆ
c.
The index a runs over a fundamental of SU(5), and the rescaled mass matrix in a background
Σ is
Mab =
λ
ǫ
Σab. (6.19)
The trace in equation (6.18) runs over both SU(5) and Dirac indices, and the factor of 3
takes into account the SU(3)C charges of Q and Q
c.
Because of our choice of boundary conditions on the IR brane, we can easily do the
trace over Dirac indices. From Appendix A, the (rescaled) bulk fermion propagators take the
schematic form
Sˆ(p;L1, L1; ν) = (Ap/+Bγ
5 + C)PL, Sˆ
c(p;L1, L1; ν
c) = (Acp/+Bcγ5 + Cc)PR, (6.20)
where PL,R = (1∓ γ5)/2. Using the trace properties of the σ matrices:
Sˆ =
(
C −B 0
Aσ¯ · p 0
)
, Sˆc =
(
0 Acσ · p
0 Cc +Bc
)
, Tr(SˆSˆc)n = 2(p2AAc)n. (6.21)
Note that A = Gˆ(p;L1, L1; ν), so equation (6.18) can be rewritten as
δfermion
(√−gindV (Σ)) = −3 tr
∫
p3dp
8π2
2 log(1 + p2Gˆ ·M · Gˆc ·M †), (6.22)
where now the trace runs only over SU(5) indices.
We can proceed as in the gauge boson case and compute the Higgs mass and quartic
coupling. We designate propagators for modes with (+,+) boundary conditions as G and Gc,
the second KK mode is another ρ-like state which is roughly degenerate with the first (−,+) KK mode. We
can either restore SU(5) near the UV brane or near the IR brane, and in this sense N = 2 and mpartner =
mρ ∼ gρfpi.
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Figure 6: The fermion integrands for δgaugem
2
h and δgaugeλh using the parameters of Model 1c. The
linear behavior of the mass integrand and the 1/p behavior of the quartic integrand reflect the expected
quadratic and logarithmic sensitivity of these operators at energies beneath the mass of the fermion
partners. The q′ and t′ are degenerate with mass ∼ .36/L1. See the text for why the peak of the mass
integrand is at p ∼ .2/L1.
and with (−,+) boundary conditions as Gbr and Gcbr. These propagators are functions of ν
and νc, respectively. After canonically normalizing h and taking the f4 →∞ limit:
δfermionm
2
h = −
12
f2pi
∫
p3dp
8π2
λˆ2p2(Gbr −G)(Gcbr −Gc)
(1 + λˆ2p2GGcbr)(1 + λˆ
2p2GbrGc)
, (6.23)
δfermionλh = −4λ
2
f4pi
∫
p3dp
8π2
p2(Gbr −G)(Gcbr −Gc)(
1 + p2λˆ2GGcbr
)2 (
1 + p2λˆ2GbrGc
)2F (G,Gbr, Gc, Gcbr), (6.24)
where λˆ = λ/ǫ and F (G,Gbr, G
c, Gcbr) is
F (G,Gbr, G
c, Gcbr) = 4+ λˆ
2p2(3GGc+3GbrG
c
br+GG
c
br+GbrG
c)+4λˆ4p4GGbrG
cGcbr. (6.25)
These expressions manifestly exhibit collective breaking.
It is again very instructive to match the results with our expectations from effective field
theory. As in the bosonic case, we can expand the integrands to lowest order in momenta
and integrate with a hard momentum cutoff Λ0:
δfermionm
2
h ∼ −
3λ2top
8π2
Λ20 +O(Λ40/f2pi), δfermionλh ∼
3λ2top
16π2
log Λ20 +O(Λ40/f4pi). (6.26)
These are precisely the low energy expectations for the contribution of top loops to the Higgs
doublet mass and quartic. The integrands from equations (6.23) and (6.24) appear in Figure 6.
The mass integrand starts off linearly, corresponding to the low energy quadratic divergence.
In Model 1c, the q′ and t′ are degenerate with mass ∼ .36/L1, so N = 2 and the peak in the
integrand is at p ∼ .2/L1 as expected. The quartic integrand is dominated by the 1/p piece
corresponding to the logarithmic low energy behavior, though there is a slight bump at the
mass of the q′ and t′. Unlike the quartic integrands in the gauge sector, these integrals are
already very suppressed at the mass of the KK fermion modes ∼ π/L1, which is as expected
because the quartic contribution is finite at one-loop with the fermion content of [29].
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Figure 7: Values of the physical Higgs mass in Model 1, keeping fpi = 1 TeV fixed and varying the
bulk masses ν and νc (g′ = 2gEW ). Outside of the region |ν|, |νc| ∼< .4, it is difficult to satisfy the
condition λtop = 1.
7. Numerical Examples
Now that we understand the structure of the Coleman-Weinberg integrals, we want to input
specific values of the AdS parameters to find the generic value of the physical Higgs mass in
this setup. In order to deal with the infrared logarithmic divergences in the quartic coupling,
we do each Coleman-Weinberg integral from p = mh0 to∞, iterating the calculations until we
get a stable mh0 value. We choose the parameters of our theory to fit the known top Yukawa
coupling, electroweak gauge coupling, and electroweak scale. In Model 1, we allow for an
unknown δotherm
2
h contribution to the Higgs potential in order to fix the pion decay constant
at fpi = 1 TeV, and this will generically require fine-tuning at the 10% level. In Model 2, we
arrange the gauge and fermion contributions to the doublet mass to cancel against each other
with no considerable fine-tuning by shrinking the conformal window, but in these models fpi
will be significantly lower, and hence the t′, q′ and W ′ partners will be generically lighter.
Finally in Model 3, we show a compromise where we shrink the conformal window but still
allow for a δotherm
2
h piece, yielding sufficiently heavy partner particles with no considerable
fine-tuning (25%).
We begin in Model 1 by choosing the brane separation to generate the full hierarchy
between MPl and fpi, namely ǫ ∼ 10−15. Once this AdS geometry is fixed, it is clear from
equation (3.3) that in order for gρ to remain perturbative, we need the gauge kinetic terms
on the UV boundary to be close to zero (i.e. choose the Landau pole of the gauge couplings
to be as close to the UV as possible) and therefore we must take approximately g1 = g2.
In terms of the electroweak gauge coupling, g′ = 2gEW . When we do consider cases where
g1 6= g2, we take z2 = 0 for simplicity. We still have the freedom to choose the bulk masses
of the fermions. Looking at equation (4.1), the requirement of λtop = 1 restricts the range
of ν and νc to around |ν|, |νc| ∼< .4. As remarked earlier in equation (5.2), to minimize the
logarithmic correction to m2h from the fermion sector, we want the t
′ and q′ fermion partners
to be roughly degenerate, and this corresponds to the limit ν = −νc. To make the t′ and q′
as light as possible, we want to send ν as large as possible while still maintaining the desired
– 23 –
Model 1a Model 1b Model 1c
L1 (2.6 TeV)
−1 (2.6 TeV)−1 (5.2 TeV)−1
ǫ 10−15 10−15 10−15
gEW 0.63 0.63 0.63
vEW 246 GeV 246 GeV 246 GeV
g′ 2gEW 2gEW 3gEW
gρ 5.2 5.2 10.4
fpi 1.0 TeV 1.0 TeV 1.0 TeV
mρ 6.2 TeV 6.2 TeV 12.2 TeV
λtop 1.0 1.0 1.0
ν +0.42 +0.20 +0.49
νc −0.42 −0.10 −0.49
λ 0.26 0.23 0.11
mW ′ 630 GeV 630 GeV 950 GeV
mt′ 2.0 TeV 3.0 TeV 1.9 TeV
mq′ 2.0 TeV 3.5 TeV 1.9 TeV
mh0 160 GeV 210 GeV 210 GeV
δgaugem
2
h +(80 GeV)
2 +(80 GeV)2 +(130 GeV)2
δfermionm
2
h −(310 GeV)2 −(440 GeV)2 −(330 GeV)2
δotherm
2
h +(270 GeV)
2 +(410 GeV)2 +(270 GeV)2
δgaugeλh 0.04 0.04 0.15
δfermionλh 0.18 0.32 0.20
mφ 430 GeV 430 GeV 1240 GeV
λφhh — — 560 GeV
Table 1: Parameters and results for Model 1. In this model, we allow the addition of a δotherm
2
h
contribution to the Higgs potential in order to set the pion decay constant fpi = 1 TeV. By fixing
ǫ = 10−15, we are limited in how high we can push the g′ coupling, and hence the mass of the W ′.
Fine-tuning in this model is usually of the order of 10% – 20%.
top Yukawa coupling, corresponding to ν → 0.4.
The details of Model 1 are presented in Table 1, with some variations of the parameters
to illustrate the stability of these results. In particular, we allow g′ to be larger than 2gEW
in Model 1c to raise the W ′ mass. With the addition of a δotherm
2
h contribution to the
Higgs potential, there is no problem getting a viable phenomenology which reproduces the
electroweak scale while fixing fpi = 1 TeV. Figure 7 is a plot of the physical Higgs mass as a
function of ν and νc when g′ = 2gEW . Generically the physical Higgs falls within the range
mh0 ∼ 150 − 250 GeV. As expected, the lightest physical Higgs occurs when ν ∼ −νc ∼ 0.4.
Because λtop ∼ 1, the fermionic contribution to the Higgs doublet mass is generically large,
ranging from ∼ 300 − 500 GeV, whereas for g′ = 2gEW , the gauge contribution is fixed at
∼ 80 GeV. This large difference between the gauge and fermion contributions to the doublet
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Model 2a Model 2b Model 2c
L1 (530 GeV)
−1 (1.7 TeV)−1 (1.3 TeV)−1
ǫ 10−5 10−5 10−1
gEW 0.63 0.63 0.63
vEW 246 GeV 246 GeV 246 GeV
g′ 2gEW 5gEW 8gEW
gρ 3.0 10.5 7.6
fpi 580 GeV 420 GeV 340 GeV
mρ 1.2 TeV 5.2 TeV 3.0 TeV
λtop 1.0 1.0 1.0
ν +0.17 +0.49 +0.49
νc −0.17 −0.49 −0.49
λ 0.63 0.08 0.10
mW ′ 360 GeV 650 GeV 850 GeV
mt′ 820 GeV 940 GeV 520 GeV
mq′ 820 GeV 940 GeV 520 GeV
mh0 120 GeV 220 GeV 260 GeV
δgaugem
2
h +(20 GeV)
2 +(80 GeV)2 +(70 GeV)2
δfermionm
2
h −(90 GeV)2 −(180 GeV)2 −(200 GeV)2
δgaugeλh 0.01 0.15 0.07
δfermionλh 0.12 0.26 0.51
mφ 90 GeV 860 GeV 880 GeV
λφhh — 800 GeV 1.1 TeV
Table 2: Parameters and results for Model 2. In this model, we do not set fpi by hand, and rely on a
natural cancellation between the gauge and fermion sectors to generate the hierarchy between fpi and
vEW . As such, fpi is quite low, and we need to raise g
′ so as not to have too light a W ′. In order to
allow for larger gauge couplings, we need to shrink the size of the conformal window.
mass is expected from equations (5.2) and (5.8). Fine-tuning of the mass parameters is at
the ∼ 10% − 20% level, and δotherm2h is responsible for canceling nearly all of the fermionic
contribution. The large quartic coupling comes almost entirely from the fermion sector,
though the contributions equalize as g′ increases.
The goal of Model 2 is to see if it is possible to reduce the amount of fine-tuning and
balance the gauge and fermion contributions. Once the brane separation ǫ is chosen, we
have very little freedom in the gauge sector if we want gρ to be perturbative. However,
simply reducing the scale of the UV brane will not help very much. The real problem is the
numerically large difference between the gauge and fermion contributions mentioned above,
and short of raising gEW or lowering λtop, our only freedom is to raise the mass of the W
′,
but this can only get us so far. In order to dispense with the δotherm
2
h piece altogether, we
have to bring the overall contributions down, and this can be accomplished by lowering the
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Model 3a Model 3b Model 3c
L1 (4.2 TeV)
−1 (4.0 TeV)−1 (3.7 TeV)−1
ǫ 10−8 10−10 10−12
gEW 0.63 0.63 0.63
vEW 246 GeV 246 GeV 246 GeV
g′ 4gEW 3.5gEW 3.0gEW
gρ 10.4 10.1 9.2
fpi 800 GeV 800 GeV 800 GeV
mρ 9.8 TeV 9.5 TeV 8.7 TeV
λtop 1.0 1.0 1.0
ν +0.49 +0.48 +0.48
νc −0.49 −0.48 −0.48
λ 0.08 0.08 0.10
mW ′ 1.0 TeV 850 GeV 730 GeV
mt′ 1.6 TeV 1.5 TeV 1.5 TeV
mq′ 1.6 TeV 1.5 TeV 1.5 TeV
mh0 210 GeV 210 GeV 190 GeV
δgaugem
2
h +(110 GeV)
2 +(130 GeV)2 +(100 GeV)2
δfermionm
2
h −(290 GeV)2 −(300 GeV)2 −(270 GeV)2
δotherm
2
h +(220 GeV)
2 +(220 GeV)2 +(200 GeV)2
δgaugeλh 0.15 0.14 0.12
δfermionλh 0.22 0.22 0.19
mφ 1.3 TeV 1.1 TeV 900 GeV
λφhh 930 GeV 630 GeV 360 GeV
Table 3: Parameters and results for Model 3. In this model, we try to equalize the contributions
to the Higgs potential from δgaugem
2
h, δfermionm
2
h, and δotherm
2
h. The pion decay constant is fixed at
fpi = 800 GeV. The conformal window is smaller than Model 1 but larger than Model 2, and there is
more freedom in the choice of g′. In order for the fermionic contribution to the Higgs potential to be
small, we adjusted ν and νc such that t′ and q′ were as light as possible while still allowing λtop = 1.
Note that as we decrease ǫ, we are forced to decrease g′, so the W ′ mass decreases.
pion decay constant fpi. Of course, doing so will cause the W
′ to be unacceptably light unless
we also raise the value of g′. By decreasing the brane separation to make ǫ larger than 10−15,
we can crank the gauge coupling to g′ = (a few)gEW while still keeping a perturbative gρ.
Table 2 presents the parameters of Model 2 where no δotherm
2
h piece is included. In Model
2a, we see that simply increasing ǫ yields a very light W ′. Model 2b is much safer, though
gρ is approaching the edge of the perturbative regime. In Model 2c, the conformal window
is very small, and we see that there is no problem having reasonably heavy partners without
including a δotherm
2
h contribution to artificially raise fpi as long as the conformal window is
small enough.
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Finally, Model 3 represents a compromise between the competing tensions of the theory.
We allow a δotherm
2
h piece to enforce fpi = 800 GeV, but we shrink the conformal window to
allow g′ ∼ 4gEW , effectively putting the UV brane at the intermediate scale. To have the
lightest q′ and t′ possible, we push ν and −νc to the edge of the region where we can satisfy
the condition λtop = 1. This model comes the closest to realizing the original vision of the
littlest Higgs, in that the value of fpi does not involve an unacceptable level of fine-tuning, the
q′, t′ andW ′ partners are around 1 TeV in mass, and the scale mρ where we see resonances of
the strong dynamics is near 10 TeV. Note that gρ ∼ 10 in this model, so we are imagining a
very small N CFT. We see that the mass of the Higgs is around 200 GeV, though this value
increases substantially if we reduce g′ or ν.
In summary, the littlest Higgs in AdS space has a healthy phenomenology if we allow
ourselves maximal freedom to raise the mass of the W ′, lower the mass of the q′ and t′, and
include some (unknown) sources of additional SU(5) violation to get a less negative doublet
mass value. In CFT language, we see that the favored regions of parameter space are small
N theories with small conformal windows, though with some amount of fune-tuning we can
still have small gρ and ǫ. Note that these tensions are numerical tensions and not parametric
tensions. If we could lower λtop and gEW , then we could have an exceptionally light Higgs
boson with no fine-tuning. The extent to which these dimensionless parameters are large are
the degree to which we have to work to enforce a large separation between the pion decay
constant and the electroweak scale.
8. Toward a Realistic Model with T -Parity
To construct a realistic little Higgs model, we need to include the entire fermion sector of the
standard model. One construction is to simply introduce the remaining fermions on the IR
brane and include explicit SO(5) violating couplings between these fermions and the Higgs
doublet. This would give rise to a divergent Higgs mass sensitive to the local Planck scale
(i.e. 1/L1), but because the non-top Yukawa couplings are sufficiently small, these quadratic
divergences would not spoil the successes of the littlest Higgs. While this construction is
consistent, it is not particularly elegant. Not only does it not explain the hierarchy in the
Yukawa couplings, but it does not yield a manifestly finite Coleman-Weinberg potential.
In this section, we sketch one possible AdS implementation of the littlest Higgs where all
the fermions live in the bulk of AdS, and the interactions on the IR brane preserve the SO(5)
symmetry protecting the Higgs mass. Just like in Section 6, the Higgs potential is generated
only through loops that stretch from the IR brane to the UV brane. We would also like to
take advantage of some of the previous successes of AdS model building; for example, if the
bulk fermions have different bulk masses, we can naturally generate a hierarchy in the Yukawa
couplings while simultaneously suppressing flavor changing neutral currents [40, 41, 42, 43].
As we will see, however, there is a tension between Yukawa coupling hierarchies and T -parity.
Given this tension, one may wonder why we want to implement T -parity in the first
place. A main constraint on little Higgs theories has been corrections to precision electroweak
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observables coming from couplings between standard model fields and the new massive gauge
fields and scalars in the little Higgs [19, 20, 21, 22, 23, 24, 25]. If these new bosons have mass
around 1 TeV, then they generate dimension six standard model operators through tree-level
exchange suppressed by the scale 1 TeV. However, precision electroweak data suggests that
the natural suppression scale should be closer to 5− 10 TeV [48]. The difference between the
mass scale necessary to stabilize the electroweak scale (1 TeV) and the mass scale suggested
by precision electroweak data (10 TeV) is known as the “little hierarchy” problem. In AdS5
language, there is no symmetry that forbids the IR brane operator
√−gindδ(z − L1) tr (FµνΣF ∗µνΣ∗) , (8.1)
and when electroweak symmetry is broken, this operator will yield a contribution to the
S parameter of order (vEW /fpi)
2. As we have seen, while there is a parametric separation
between vEW and fpi, numerically the scales can be close and S may be dangerously large.
In models with T -parity [16, 17, 18], there is Z2 symmetry under which the standard
model fields (including the Higgs) are even but the new massive gauge fields and scalars are
odd. Therefore, tree-level exchange of non-SM bosons is forbidden and the dimension six
operators generated by integrating out non-SM bosons are suppressed by a loop factor. T -
parity is a simple solution to the little hierarchy problem, and generically little Higgs theories
with T -parity are safe from excessive precision electroweak corrections. Of course, another
way to avoid precision electroweak constraints is to consider a little Higgs mechanism with
a custodial SU(2) symmetry [14, 15], and it would be interesting to try to implement such
little Higgs theories in AdS space.
In the original T -parity formulation of the SU(5)/SO(5) littlest Higgs [17], fermions
transformed non-linearly under the SU(5) global symmetry, making it difficult to imagine
the bulk fermion content of an AdS extension. In [18], the SU(5)/SO(5) littlest Higgs was
extended to an SU(5)2/SO(5) model in which all fermions transform linearly under SU(5)2
symmetry, making it much easier to imagine a UV completion of the low energy effective
theory. One difficulty of implementing a realistic SU(5)2/SO(5) model in AdS space (or even
a SU(5)/SO(5) without T -parity), is the necessity gauging U(1)B in the bulk. Because of this
U(1)B , we are forced to introduce a top-type and a bottom-type quark doublet in the bulk,
and then use boundary conditions on the UV brane to identify a linear combination of the
two doublets as the standard model quark doublet. Therefore, this model has a large number
of SU(5) muliplets to allow for T -parity and the U(1)B nuisance, and it may be interesting
to see the effect of such a large number of bulk fermions on the SU(3)C and SU(2)EW beta
functions to see whether we maintain perturbative gauge couplings.
The bulk symmetry in this model is SU(5)L × SU(5)R which is broken to a diagonal
SO(5)V on the IR brane. We can characterize this breaking pattern by the vacuum expec-
tation values of three scalars. Imagine three 5 × 5 matrix fields ΦL, ΦR, and ΦT on the IR
brane that transform under SU(5)L × SU(5)R as
ΦL → LΦLLT , ΦR → RΦRRT , ΦT → LΦTR†, (8.2)
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where L ∈ SU(5)L and R ∈ SU(5)R. These fields take vacuum expectation values
〈ΦL〉 = Σ0, 〈ΦR〉 = Σ0, 〈ΦT 〉 = 1 . (8.3)
We see readily that the vevs of Φi, i = L,R break SU(5)i to SO(5)i, and the vev of ΦT selects
the diagonal subgroup of SO(5)L × SO(5)R.
Let T ai be the generators of SO(5)i and X
a
i be the generators of SU(5)i/SO(5)i. The
Goldstone matrices of SU(5)2/SO(5) can be parametrized as
ΠL = π
a
LX
a
L, ΠR = π
a
RX
a
R, ΠT = π
a
T (T
a
L − T aR). (8.4)
Performing the broken symmetry on the vacuum, the CCWZ prescription [49, 50] tells us
that
ΣL = e
2iΠL/f5Σ0, ΣR = e
2iΠR/f5Σ0, ΣT = e
iΠL/f5e2iΠT /f5e−iΠR/f5 , (8.5)
transform like their counterparts in equation (8.2). For simplicity, we have given each Σ field
the same 5D decay constant f5, which as before will be taken to infinity in any calculation.
In addition to introducing an SU(3)C × U(1)B bulk gauge symmetry, we also gauge
a SU(2)L1 × SU(2)L2 × SU(2)R × U(1)Y subgroup of SU(5)2, i.e. we give this subgroup
Neumann boundary conditions on the UV brane.7 The subgroup is imbedded as
QaL1 =
(
σa/2
)
L
, QaL2 =
(
−σ∗a/2
)
L
, QaR =
(
σa/2
−σ∗a/2
)
R
, (8.6)
A =
1
2
diag(1, 1, 0,−1,−1)L , (8.7)
where subscripts L and R on the matrices indicate whether the gauge generator belongs to
SU(5)L or SU(5)R. The hypercharge generator is Y = A + B, and when SU(5)
2 breaks to
SO(5), the electroweak SU(2) is generated by
QaEW = Q
a
L1 +Q
a
L2 +Q
a
R. (8.8)
Note that the same subgroup of SU(5)L is gauged as in Section 3.
We identify the Goldstone matrix ΠL with the Goldstone matrix in the original SU(5)/SO(5)
little Higgs. As shown in [18] the Goldstones in ΠR and ΠT are either eaten by the broken
SU(2) gauge bosons or can be given large masses through radiatively generated gauge in-
teractions or through plaquette operators. These plaquette operators live on the IR brane
and explicitly break SU(5)2 even before the Φ fields take their vaccum expectation value.
However, they do so in a way that maintains the SU(2)3 subgroup of SU(5)2, so the low
energy gauge structure is not modified.
7In order to give U(1)Y a different gauge coupling from SU(2)Li we also introduce boundary gauge kinetic
terms.
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In the fermion sector, the action of T -parity effectively maps a 5¯ of SU(5)L onto a 5 of
SU(5)L and leaves representations of SU(5)R unchanged. One linear combination of the 5¯L
and 5L becomes a standard model fermion, and a 5R marries the other combination to become
the heavy T -odd partner to the standard model fermion. Therefore, for each SU(5) multiplet
Ψ corresponding to a standard model fermion, we introduce three bulk Dirac fermions ΨL1,
ΨL2, and ΨR. We choose these fields to have non-vanishing upper (left-handed) components
on the IR brane. These upper component Weyl fields ΨL1, ΨL2, and ΨR transform under
SU(5)L × SU(5)R as:
SU(5)L SU(5)R Other Quantum Numbers
ΨL1 5¯ − Defined by Ψ
ΨL2 5 − Defined by Ψ
ΨR − 5 Conjugate to Ψ
(8.9)
In the last column we mean that ΨL1 and ΨL2 have identical SU(3)C × U(1)B quantum
numbers and ΨR has the conjugate quantum numbers. For convenience, we also introduce the
notation for bulk Dirac fermions ΨcL1, Ψ
c
L2, and Ψ
c
R whose lower (right-handed) components
are non-vanishing on the IR brane. These lower component Weyl fields ΨcL1, Ψ
c
L2, and Ψ
c
R
transform under SU(5)L × SU(5)R the same way as ΨL1, ΨL2, and ΨR but have opposite
other quantum numbers to their counterparts.
SU(5)L SU(5)R Other Quantum Numbers
ΨcL1 5¯ − Conjugate to Ψ
ΨcL2 5 − Conjugate to Ψ
ΨcR − 5 Defined by Ψ
(8.10)
We now define the action of T -parity. Start with the 5× 5 matrices
Ω =

−1 1
−1

 , Z = Σ0Ω, Z2 = Ω2 = 1 . (8.11)
Let Ai be the SU(5)i gauge fields for i = L,R. The action of T -parity looks like charge
conjugation on SU(5)L.
AL → −ZATLZ, AR → ΩARΩ. (8.12)
In terms of the gauge fields on the UV brane, T -parity maps SU(2)L1 to SU(2)L2 and leaves
SU(2)R and U(1)Y invariant. Note that T -parity forces the gauge couplings gL1 and gL2 to
be equal. Before SU(2)3 is broken to the electroweak SU(2), there are two T -even gauge
bosons and one T -odd gauge boson.
QaEW = Q
a
L1 +Q
a
L2 +Q
a
R, Q
a
+ = Q
a
L1 +Q
a
L2 − 2QaR, Qa− = QaL1 −QaL2. (8.13)
After SU(2)3 breaks to SU(2), Qa± get masses. Q
a
− has a mass gLf4 ∼ 1 TeV, and by T -
parity it cannot contribute to tree-level dimension six operators. However, Qa+ can contribute
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to tree-level dimension six operators, so we must choose SU(2)R to have a large gR ∼ 4π
gauge coupling in order for Qa+ to get a mass of order gRf4 ∼ 10 TeV. Also, this forces Qa+
to be mostly QaR, and if standard model fields are uncharged under SU(2)R, then precision
electroweak corrections from tree-level Qa+ exchange is suppressed. Note that in order to
really have a large gR, we would have to have a very small conformal window.
On the Goldstone matrices, T -parity acts as
ΣL → ZΣ†LZ, ΣR → ΩΣRΩ, ΣT → ZΣLΣTΩ. (8.14)
The action of T -parity on ΣT is indeed a Z2 symmetry. On the fields in ΠL as defined in
(3.8), h is T -even, and η and φ are T -odd, therefore φ and η can safely have 1 TeV masses
without affecting precision electroweak data. Also, it is a quick check that the Goldstone
kinetic terms are invariant under T -parity.
Finally, the action of T -parity on the fermions must be consistent with the gauge sector
in equation (8.12). Again, T -parity looks like charge conjugations between a 5¯L (ΨL1) and a
5L (ΨL2):
ΨL1 → ZΨL2, ΨL2 → ZΨL1, ΨR → ΩΨR, (8.15)
with similar formulas for the Ψc fermions. Before introducing the specific quantum numbers
of the standard model fields, note that we can give mass to the T -odd combination of ΨL1
and ΨL2 via the interaction on the TeV brane:
LT−odd mass =
√−gindδ(z − L1)κ (ΨL1ΣTΨR +ΨL2ΣLΣTΨR + h.c.) . (8.16)
We can write down a similar interaction for Ψc. Because ΣT depends on ΠL, one might worry
that this interaction could give rise to a radiative correction the the Higgs mass. In the case
that Ψ is supposed to describe an electroweak doublet, ΨL1, ΨL2, and ΨR have boundary
conditions that happen to preserve an SU(3)2 symmetry that is enough to protect the Higgs
mass. If Ψ describes an electroweak singlet however, there is no symmetry protecting the
Higgs mass and there will be a radiatively generated potential. Just as for the top sector
from Section 6, though, the interaction in equation (8.16) exhibits collective breaking to the
extent that a potential is only generated if both ΨLi and ΨR have SU(5) violating boundary
conditions.
The T -invariant Yukawa interactions between Ψ, Ψc, and the Higgs take the form
LHiggs =
√−gindδ(z − L1)λ
(
ΨL1ΣLΨ
c
L1 +ΨL2Σ
†
LΨ
c
L2 + h.c.
)
. (8.17)
This is simply the T -invariant generalization of equation (3.16). Already, we can see the
tension between Yukawa coupling hierarchies and the masses of the T -odd fermion partners.
If λ is O(1), we know we can generate the Yukawa coupling hierarchy through the different
overlaps of ΨL and Ψ
c
L with the IR brane for each generation. However, the same overlap
functions would enter into equation (8.16). We could of course make κ large, insist that ΨR
and ΨcR have maximum overlap with the IR brane, and also split the Yukawa hierarchy equally
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between the ΨL and Ψ
c
L overlaps. But given that the electron mass is a factor of 10
6 lighter
than the top quark, we would find that the T -odd partner to the electron is
√
106 = 103
lighter than the T -odd partner of the top quark! We will discuss this issue further at the end
of this section.
We now give the quantum numbers of a standard model generation. As mentioned
already, there are slight complications coming from the fact that we need to gauge U(1)B .
This forces us to introduce a top-type doublet and a bottom-type doublet. Ignoring a possible
right-handed neutrino, we have the following SU(5)L × SU(5)R matter content, using the
notation of equations (8.9) and (8.10):
SU(3)C U(1)B
U 3 +2/3
U c 3¯ −2/3
D 3 −1/3
Dc 3¯ +1/3
L − −1
Lc − +1
(8.18)
Looking at the top sector in detail, we imbed the top-type doublet and top singlet fields as
UL1 =

 q
U
1
−
−

 , UL2 =

 −−
qU2

 , UR =

 q
U
M
−
−

 , (8.19)
U cL1 =

 −uc1
−

 , U cL2 =

 −uc2
−

 , U cR =

 −ucM
−

 , (8.20)
where dashes indicate fields that have Dirichlet boundary conditions on the UV brane and
therefore do not have zero modes. As in Section 4, the physical top doublet and singlet will
be mixtures of these zero modes and components from the KK modes. After SU(2)3 breaks
to SU(2)EW , the q
U and uc fields have the right standard model quantum numbers. At low
energies, the interaction in equation (8.16) generates the mass terms
Lmass ∼ mUq qUM (qU1 + qU2 ) +mu uM (u1 + u2), (8.21)
so at low energies, the fields
qUeven =
1√
2
(qU1 − qU2 ), uceven =
1√
2
(uc1 − uc2), (8.22)
are massless, T -even fermions, and the orthogonal T -odd combinations get masses mUq and
mu. At energies below the T -odd masses, the interaction in equation (8.17) generates the
Yukawa coupling
LYukawa ∼ λU qUevenhuceven. (8.23)
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As in Section 3, the physical Yukawa coupling involves wavefunction renormalization from
mixing with heavy KK modes.
By this prescription, we will have a massless qUeven and a massless q
D
even both with the
quantum numbers of a quark doublet. We want to identify one combination of qUeven and q
D
even
to be the standard model quark doublet and the other combination to be heavy. Looking at
the D field:
DL1 =

 −−
qD2

 , DL2 =

 q
D
1
−
−

 , DR =

 −−
qDM

 . (8.24)
(The subscripts 1, 2 on qD1 and q
D
2 indicate whether the field transforms under SU(2)L1 or
SU(2)L2, and not whether they came from the field DL1 or DL2.) Consistent with SU(2)i,
we can set boundary conditions on the UV brane for (qU1 − qD1 ), (qU2 − qD2 ), and (qUM − qDM ) to
vanish. The (qUM − qDM ) boundary condition is necessary because without it, there would be
an additional massless doublet. At the end of the day, the combination
qeven =
1√
2
(qUeven + q
D
even) (8.25)
is the massless standard model quark doublet and it couples in the appropriate way to uc and
dc. Again, the physical standard model fermions will be mixtures of these T -even zero modes
with components of T -even KK states. In the lepton sector, we imbed the lepton doublet
and singlet analogously to equations (8.19) and (8.19), but if we do not have a right-handed
neutrino, we do not need to have a separate electron-type and neutrino-type lepton doublet.
While it might be interesting to calculate the Higgs radiative potential in this T -parity
extension of the AdS5 littlest Higgs, there is a basic model building question that needs to be
addressed before such a calculation would become meaningful. As we saw in Section 6, the
Higgs potential depends on the bulk propagators for the fermions, and these in turn depend
heavily on the choice of fermion bulk masses. If we simply want to reproduce the Higgs
Yukawa matrix and ignore flavor-violating four-fermion operators, then we can simply choose
some reasonable fermion bulk masses that give O(1) overlap with the IR brane and then dial
the Yukawa matrix by hand on IR brane to get the desired low energy Yukawa structure. In
this case, the mass of all the T -odd fermions can be pushed up to around 10 TeV with a
reasonable value of κ in equation (8.16). (See [18] for a reason why the T -odd fermions most
likely need to be closer to 1 TeV.)
If, however, we want to naturally explain the smallness of four-fermion operators that
contribute to FCNCs, then we want the different fermion generations to be localized in differ-
ent parts of the bulk. This means that there will be a hierarchy in the overlap of the different
generations with the IR brane, and while this feature is desirable from the point of view of
trying to understand the Yukawa hierarchy, it is disastrous in light of equation (8.16), where
the overlap functions also determine the masses of the T -odd fermions. We expect this to
be a general issue with trying to build AdS models of the little Higgs with T -parity. The
problem is not with T -parity itself; indeed, for a single generation where flavor is not an issue
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we can easily incorporate T -parity in AdS space. The problem is that T -parity wants to be
flavor blind (i.e. all of the T -odd fermions need to have roughly the same mass), whereas our
implementation of T -parity makes explicit reference to flavor because the T -odd mass terms
inherit flavor specific overlap functions. We may have some freedom to generate the Yukawa
hierarchy through a combination of overlap functions and IR brane matrix elements, but in
the context of AdS model building, there is no explanation for why these two effects would
naturally work in the same direction. There may be other implementations of T -parity in
AdS space that avoid these issues, but in this model there is an important tension between
T -parity and flavor.
9. Future Directions
We have seen that the collective breaking structure of little Higgs theories can be naturally
implemented in AdS space. The 5D Coleman-Weinberg potential has a particularly illumi-
nating structure, in that corrections to the Higgs potential are proportional to two differences
of 5D Greens functions. In this paper, we have worked out the gauge and fermion structure
for the SU(5)/SO(5) littlest Higgs, but the construction can be easily extended to other little
Higgs theories. The AdS/CFT correspondence tells us exactly how to implement the gauge
and Goldstone sector of any G/H little Higgs theory. The only possible challenge is trying
to figure out the bulk G fermion content, and in general it is desirable to start with a low
energy theory where the fermions come in linear representations of G.
From the top-down point of view, we have found a UV completion of the littlest Higgs
that concisely explains the hierarchy between the Planck scale and electroweak scale. We
start at some high scale with a large N conformal field theory. The size of AdS space repre-
sents the logarithmic running of some operator which eventually breaks conformality in the
infrared, and this guarantees a natural hierarchy between MPl and the 10 TeV scale. Be-
cause conformality is broken, the CFT confines, yielding an SU(5)/SO(5)s worth of “pions.”
Collective breaking insures that the pion corresponding to the Higgs boson is light, and this
generates a natural hierarchy between fpi ∼ 1 TeV and the electroweak scale.
We have seen a number of tensions in this model that one could guess from the low energy
theory. Large N CFTs with a large conformal window lead to very small gauge couplings,
and if we want to raise the mass of the W ′ to phenomenologically healthy values, we need
to shrink the size of the conformal window. If we allow for T -parity, then a light W ′ may
be acceptable, but in the context of AdS space, we saw a tension between flavor physics,
precision electroweak tests, and little Higgs theories. If T -parity is indeed the reason for the
smallness of precision electroweak corrections, then we have to explain why the masses of
T -odd fermion partners do not exhibit the same flavor hierarchy as the fermions themselves.
It may be interesting to look at AdS models of little Higgs theories with custodial SU(2)
symmetry where it appears easier to separate flavor physics from precision electroweak tests.
In AdS space, locality in the warped dimension guaranteed that our Higgs potential
was finite, but one might wonder how important the extra dimension actually was for our
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construction to succeed. Even if we took ǫ = L0/L1 to be 1/2, the Higgs potential would
still be finite, suggesting that the physics relevant for pseudo-Goldstone phenomenology is
heavily localized near the IR brane. In fact, as shown in [51], the Higgs potential can be
made completely free of 1-loop quadratic divergences if one simply postulates the existence of
ρ-like mesons. Of course, the properties of the ρ are inherited from the strong dynamics, and
AdS/CFT is a simple way to understand ρ-like states. But given the difficulty of having heavy
W ′ states in large N CFTs, it would be nice if we had a framework other than AdS/CFT to
understand the radiative potentials for pseudo-Goldstone bosons.
In [52], we will show that in the right context, pseudo-Goldstone phenomenology can be
made largely independent of strong dynamics. In essence, a low energy observer cannot tell
whether a gauge quadratic divergence is cut off by a ρ-like or a W ′-like state, so if our only
problem with a large conformal window is that W ′ states are generically much lighter than
ρ states, then we should work in a framework where we can decouple the ρ-like states. In
particular, we will show that the SU(5)/SO(5) littlest Higgs can actually arise in ordinary
QCD with five flavors, and the gauge contribution to the Higgs potential is completely finite at
one-loop. This UV complete theory will have light W ′ and W ′′ states responsible for cutting
off divergences in the Higgs potential, but the QCD ρ mesons will play a much smaller role
in the low energy phenomenology. This will open a new avenue to construct simple UV
completions of little Higgs models.
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A. Summary of Bulk Fields in AdS Space
In this appendix, we briefly summarize the main results and conventions for bulk fields in AdS
space. All the results below can be found in the literature (see for example [35, 36, 40, 41]),
though there are different conventions for the naming of left- and right-handed fermions, and
we try to stick to the conventions of [40]. Throughout, we use the choice of metric given by
equation (2.1), which is most convenient for our purposes.
Let us begin with scalars in the bulk. The lagrangian for a complex scalar field in 5D
with arbitrary boundary mass terms and a bulk source J is,
Lφ = √g
(
gMN∂Mφ
∗∂Nφ−M2|φ|2 − Jφ
)
+
√−gindm20|φ|2δ(z−L0)+
√−gindm21|φ|2δ(z−L1).
(A.1)
The induced metric on the branes is gµνind(z) = η
µν/(kz)2. The boundary terms are merely
a handy way of imposing boundary conditions on the fields in the lagrangian formulation.
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Rescaling the fields in the lagrangian simplifies things somewhat and allow for a unified
treatment of fields with different spins, so let φ → φˆ = (kz)−2φ. The lagrangian is then
(ignoring the boundary terms since they will only change the boundary conditions of the
Greens function),
Lφ = (kz)
((
−φˆ∗∂µ∂µφˆ+ φˆ∗
(
∂2z +
1
z
∂z − 4
z2
)
φˆ
)
− M
2
(kz)2
|φˆ|2 −
√
g
(kz)
Jˆ φˆ
)
. (A.2)
The rescaled Greens function Gˆ(x, x′, z, z′) = (kz)−2(kz′)−2G(x, x′, z, z′) satisfies the follow-
ing differential equation (moving to momentum space in the transverse direction),(
p2 + ∂2z +
1
z
∂z − α
2
z2
)
Gˆ(p; z, z′) =
1
kz
δ(z − z′), (A.3)
where α2 =M2/k2 + 4.
Let us move on to consider gauge bosons in AdS space. Similar to the scalar case, the
5D gauge boson lagrangian is given by
Lgauge = − 1
4g25
√
ggABgMNFAMFBN − z0
4g25
√−gindgµνindgαβindFµαFνβδ(z − L0), (A.4)
where we have dropped a possible IR brane kinetic term since it plays no role in our analysis.
Working in A5 = 0 and ∂µA
µ = 0 gauge, the situation is identical to the scalar case, except
that the rescaled field is Aˆµ = (kz)
−1Aµ, and so the rescaled propagator is ηµνGˆ(p; z, z
′) =
(kz)−1(kz′)−1ηµνG(p; z, z
′). The propagator satisfies equation (A.3) with α = 1.
In curved backgrounds, the spin of a field is defined with respect to the Lorentz group
acting on the comoving coordinates (the local tangent space). The vierbein eaA is the object
which connects the comoving frame (a index) with the spacetime coordinates (A index). The
spin-connection wbcA tells us how the comoving reference frame changes as we go in different
spacetime directions (hence the two internal indices a and b and one spacetime index A). In
5 dimensions, Dirac fermions form an irreducible representation of the Lorentz group. The
lagrangian for a Dirac field in the bulk is
Lfermion = √g
(
eAa
(
i
2
Ψ¯γa(∂A −←−∂ A)Ψ + wbcA
8
Ψ¯{γa, σbc}Ψ
)
−mΨ¯Ψ− Ψ¯J
)
, (A.5)
where eAa = diag(1, 1, 1, 1, 1)/kz is the inverse vierbein. Since the metric is diagonal, the spin-
connection is non-zero only when b = A or c = A, giving no contribution to the fermionic
action. Again, rescaling Ψ→ Ψˆ = (kz)−5/2Ψ the lagrangian takes the form,
Lfermion = (kz)
(
ˆ¯Ψi∂/Ψˆ − ˆ¯Ψ
(
m
kz
+
1
2z
γ5
)
Ψˆ− ˆ¯Ψγ5∂zΨˆ−
√
g
kz
ˆ¯ΨJ
)
. (A.6)
Therefore, the rescaled fermion Greens function have to satisfy,(
p/+
ν
z
+ γ5
(
1
2z
+ ∂z
))
Sˆ(p; z, z′; ν) =
−1
kz
δ(z − z′), (A.7)
– 36 –
where we have introduced the ratio ν ≡ m/k. If we let
Sˆ(±,±)(p; z, z′; ν) =
(
−p/− γ5
(
∂z +
1
2z
)
+
ν
z
)
(PLGˆ
(±,±)
L + PRGˆ
(∓,∓)
R ), (A.8)
we see that Gˆ has to satisfy equation (A.3) again with α = |1/2 ∓ ν| with the minus (plus)
sign for the left- (right-) handed propagator. The ± signs on the Gs refer to the choice of
boundary conditions for the fields.
So it all comes down to solving equation (A.3). The boundary conditions are as follows.
We can choose either Neumann (even) or Dirichlet (odd) boundary conditions on the two
branes. For the fermions the boundary conditions for the left- and right-handed components
have to be opposite from each other since as we will see they are coupled through the equations
of motion. The solution to equation (A.3) is simple and is given in [35, 46] (note that we have
analytically continued to Euclidean space so that p2 → −p2):
Gˆ(p; z, z′) =
−L0
R1 −R0
(
Iα(|p|z<)−R0Kα(|p|z<)
)(
Iα(|p|z>)−R1Kα(|p|z>)
)
, (A.9)
where z> (z<) is the greater (lesser) of (z, z
′), Iα and Kα are the modified Bessel’s functions
and the ratios R0, R1 depend on the choice of boundary conditions on the UV/IR branes. For
the gauge boson:
R
(+)
0 =
Iα−1(|p|L0)− z0|p|Iα(|p|L0)
−Kα−1(|p|L0)− z0|p|Kα(|p|L0) , R
(−)
0 =
Iα(|p|L0)
Kα(|p|L0) ,
R
(+)
1 =
Iα−1(|p|L1)
−Kα−1(|p|L1) , R
(−)
1 =
Iα(|p|L1)
Kα(|p|L1) . (A.10)
For the fermions, the ratios are different for the left- and right-handed components of the
Dirac field. To simplify the expressions somewhat let α = |1/2 ∓ ν| and β = 1/2 ∓ ν:
R
(+)
0 = −
|p|L0Iα−1(|p|L0)− (α− β) Iα(|p|L0)
|p|L0Kα−1(|p|L0) + (α− β)Kα(|p|L0) , R
(−)
0 =
Iα(|p|L0)
Kα(|p|L0) ,
R
(+)
1 = −
|p|L1Iα−1(|p|L1)− (α− β) Iα(|p|L1)
|p|L1Kα−1(|p|L1) + (α− β)Kα(|p|L1) , R
(−)
1 =
Iα(|p|L1)
Kα(|p|L1) . (A.11)
Note that when α = β, this simply reduces to the same ratios as for gauge bosons with no
boundary kinetic terms. We ignore possible boundary kinetic/mass terms for fermions since
we do not need them in this paper.
It is important to know the low energy expansion of these propagators with even boundary
conditions on the IR bane evaluated at the IR brane, in order to match the UV theory with
the IR theory. For the gauge bosons we have,
Gˆ(+,+)(p;L1, L1) =
ǫ2
L0 log(ǫ−1)
1
p2
+O(p0), Gˆ(−,+)(p;L1, L1) = L0
2
(1 + ǫ2) +O(p2).
(A.12)
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Notice that the expansion of Gˆ(+,+) is as expected: it is the gauge boson zero-mode overlap
function squared, divided by p2. For the fermions the low energy expansion gives,
Gˆ
(+,+)
L (p;L1, L1; ν) =
ǫ
p2
1
L1
(
1 + 2ν
1− ǫ1+2ν
)
+O(p0) = ǫ
p2
fL(ν)
2,
Gˆ
(−,+)
L (p;L1, L1; ν) = ǫL1
(
1− ǫ1−2ν
1− 2ν
)
+O(p2) = ǫ 1
fR(ν)2
,
Gˆ
(+,+)
R (p;L1, L1; ν) =
ǫ
p2
1
L1
(
1− 2ν
1− ǫ1−2ν
)
+O(p0) = ǫ
p2
fR(ν)
2,
Gˆ
(−,+)
R (p;L1, L1; ν) = ǫL1
(
1− ǫ1+2ν
1 + 2ν
)
+O(p2) = ǫ 1
fL(ν)2
. (A.13)
Notice that G
(+,+)
L (G
(+,+)
R ) is nothing but the left (right) zero-mode overlap function squared
divided by p2. It is amusing that G
(−,+)
L (G
(−,+)
R ) is simply the inverse of the right (left) zero-
mode overlap function.
The KK spectrum of the theory is found in the poles of the propagator in equation
(A.9). Since the numerator of the propagator is everywhere analytic, the poles must be at
R1(p)−R0(p) = 0. Analytically continuing back to Minkowski space the masses are given by
the solutions to
R1(imn) = R0(imn), (A.14)
where R1 and R0 for fermions and gauge bosons are given above for the different choices of
boundary conditions. For instance, in the case of odd boundary conditions on both branes
for a right-handed fermion field we have,
Jα(mnL1)
Yα(mnL1)
=
Jα(mnL0)
Yα(mnL0)
(A.15)
where α = |1/2 + ν|. Solving this equation for mn, one obtains the KK spectrum. A similar
story holds for gauge boson masses.
Now for the Kaluza-Klein decomposition of the different fields. We will present the details
for the fermion KK modes only [40]. Starting from the lagrangian given by equation (A.5)
we decompose the 5D Dirac fields into,
ΨL,R(x, z) =
∑
n
ψL,Rn (x, z)(kz)
2fL,Rn (z). (A.16)
To get the usual 4D lagrangian for left- and right-handed fermions we demand that,∫
dz(fLn )
∗fLm =
∫
dz(fRn )
∗fRm = δm,n, (A.17)
(±z∂z − ν) fL,Rn (z) = −mnzfR,Ln (z), (A.18)
where mn is the 4-dimensional mass for the different KK modes. The boundary conditions on
fL,Rn are simply fL∗n (L0)f
R
n (L0) = f
L∗
n (L1)f
R
n (L1) = 0, which tells us that either the left- or
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right-handed component of the bulk field must have vanishing boundary conditions on each
brane. Equation (A.18) implies the following second-order differential equation for the left-
and right-handed components:(
z2∂2z + z
2m2n − ν(ν ∓ 1)
)
fL,Rn = 0. (A.19)
To begin with, we look for zero modes, mn = 0. Solving equation (A.18) for the zero modes
we get (for ν 6= ∓1/2),
fL,R0 (z) =
1
L
1/2
1
√
1± 2ν
1− ǫ1±2ν
(
z
L1
)±ν
. (A.20)
For the case ν = −1/2 (ν = 1/2) for left- (right-) handed fermions the wave-function is
f0 = z
−1/2/
√
− log(ǫ).
For the massive KK modes we need to solve equation (A.19). For ν 6= 12+N the solutions
are simply Bessel functions
fL,Rn (z) =
√
z
(
AL,Rn J 1
2
∓ν(mnz) +B
L,R
n Y 1
2
∓ν(mnz)
)
(A.21)
However, note that the left- and right-handed solutions are not independent because they
are coupled through the first-order equation (A.18). The spectrum and normalization for the
massive wave-function are found by imposing the different boundary conditions, together with
equation (A.17). From equation (A.18) we see that if we choose Dirichlet boundary conditions
for the right- (left-) handed mode we must choose the modified Neumann boundary condition
(z∂z ∓ ν) fL,Rn (z) = 0 for the left- (right-) handed modes. In the case of odd boundary
conditions on both branes for a right-handed field, for instance, we recover the same constraint
on mn as equation (A.15).
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